
SUBMITTED TO

THESIS

BABASAHEB BHIMRAO AMBEDKAR UNIVERSITY

(A CENTRAL UNIVERSITY)

LUCKNOW

FOR THE DEGREE OF

Doctor of Philosophy
IN

APPLIED CHEMISTRY

2018

Gaurav Hitkari
Submitted by

ENROLMENT NUMBER. 859/12

Under the Supervision of

Prof. Gajanan Pandey
DEPARTMENT OF APPLIED CHEMISTRY

SCHOOL FOR PHYSICAL SCIENCES
BABASAHEB BHIMRAO AMBEDKAR UNIVERSITY

VIDYA VIHAR, RAE BARELI ROAD, LUCKNOW-226 025

Preparation, Properties and Applications of
Chemically Synthesized Semiconducting

Nanostructures



 

 

 

 
Dedicated to 

Beloved Parents 

For Endless Support, Love and Cooperation  







iii 

ACKNOWLEDGEMENT 

Foremost, I wish to express my profound sense of deepest gratitude and sincere thanks to my 

honorable and esteemed supervisor Prof. Gajanan Pandey (Ex-Head of Department) for the 

continuous support of my Ph.D. study and related research, for his patience, motivation, and 

immense knowledge. His guidance helped me in all the time of research and writing of this thesis. I 

could not have imagined having a better advisor and mentor for my Ph.D. study. 

I convey my sincere thanks to all the faculty members of Chemistry department: Prof Kaman Singh 

(Head & Dean), Assistant Prof. Dr. Jyoti Paney, Assistant Prof. Dr. Shailesh Kumar, Assistant 

Prof. Dr. Preeti Gupta and Assistant Prof. Dr. Jawahar Lal and Dr. Alok Kumar Singh for their 

insightful comments and encouragement, but also for the hard question which incented me to 

widen my research from various perspectives. A warm thank goes to the departmental Lab Staff 

for providing friendly and motivating environment during the research work. 

I wish to express my reverence and sense of deep gratitude to Mr. Shushil Pandey (Lecturer at K 

D Campus Pvt Ltd) and Dr. Prashant Singh (Assistant Professor ARSD College University of 

Delhi) for his invaluable, insightful comments and suggestions to improve the quality of this work. 

I thank my fellow labmates Ms. Sandhya Singh, Dr. Manisha Gautam, Dr. Vivek Pandey, Mr. 

Satya Prakash Gupta, Mr. Ajay Kumar, Mr. Deepak Kumar, Mr. Sumit Kumar, Mr. Ashok 

Kumar, Mr. Gulam Abbas, Mr. Sabir Shekh and colleagues Dr. Rakesh Kumar Sonker (DAP 

BBAU) and Dr. Ravindra Kumar (DAP BBAU) in for the stimulating discussions, for the 

sleepless nights we were working together before deadlines, and for all the fun we have had in the 

last five years.  

I would like to express my special thanks to my friends Assistant Professor Dr. Mukesh 

Kumar (MMV BHU) Dr. Dilip Kumar (Faculty of Management Studies), Dr. Shiv Sunder 

Yadav (Indian Institute of Technology, BHU), Dr. Saurabh Yadav (Indian Institute of 

Technology, Roorkee), Dr. Dinesh De (Indian Institute of Technology, Kanpur), Dr. Sharad 

Kumar Asthana (Department Of Chemistry BHU), Mr. Sanjay Kumar (Regional Centre for 





v 

ABSTRACT 

Nanotechnology and nanoscience is a newly advanced prospective area to import 

welfares to various fields of investigation and application in the world of sciences. 

The significance means of prefix “nano” is one billionth. The scaling of nanometer is 

equivalent to a billionth of a meter scale, or 10
-9

 part of a meter which implies that 

these structures are extremely small (e.g: there is an inch equal to 25,400,000 

nanometers or a single sheet of newspaper is nearly 100,000 nanometers thick or ten 

thousand times lesser compare to the width of a human hair).  

Nanostructures are any shape and size of the intermediate structure at a 

microscopic or molecular level which may have one or more dimensions in the range 

of 100 nm or less. Nanostructures have various commercial and scientific application 

in areas like drug delivery, analytical chemistry, bio-encapsulation, electronics, 

magnetics, optical and mechanical devices.  

In the modern area of nanotechnology, there are numerous kind of 

nanostructures such as zero-dimensional (0-D) e.g. quantum dot, fullerene, one 

dimensional nanostructure (1-D) e.g. nanotubes, nanorods/wires/tubes, two 

dimensional (2-D) e.g. graphene and three dimensional (3-D) e.g. graphite has 

fascinated the terrific attention due to their high aspect ratio and fascinating 

properties. There is various type of method are employed for the fabrication of 

different type of nanostructure and nanocomposite materials. Among the synthetic 

process, the chemical method is the most common approach for the synthesis of 

nanoparticles and composite materials due to high-purity, high functioning, low cost 

and easy availability.  

The commercial use of synthetic dyestuffs in various industries like paper, 

textile, plastic leather, printing, and food industries. Among the numerous dyestuffs, 
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most are synthetic organic dyes of an azo compound such as congo red (CR), methyl 

orange (MO), and methylene blue (MB) which comprise chromophore (-N=N-) in 

their molecular composition. Water contamination with these azo dye is one of the 

major consequences which continuously causing increasing threats to terrestrial as 

well as aquatic life. 

Over the past two decades, a great deal of research efforts has been made 

towards the development of nanostructures/nanoparticles for the practical applications 

in the removal of organic dye-stuff from the waste-water to continuous environmental 

monitoring. 

The whole research work is divided into seven chapters. First chapter 

comprises the general introduction of nanomaterial’s and nanostructures containing 

preparation methods including physical, chemical and biological methods. The 

exhaustive literature review on the topic and the objective of the present work have 

been discussed. This chapter also containing the general characteristics and 

applications of nanostructure/nanoparticles and the effect of it shape, size and 

orientations.  

In the second chapter the various instrumentation technique is discussed for 

identification of prepared nanoparticles and nanostructured materials. 

In the third chapter, zinc oxide (ZnO) and ZnO-ZnS nanocomposite materials 

have been prepared by simple chemical co-precipitation method. The X-ray 

diffraction analysis revealed the formation of ZnO and ZnO-ZnS crystalline materials. 

FESEM and HRTEM analyses indicated the formation of flake-like ZnO and sheet-

like ZnO-ZnS structures. Energy dispersive X-ray (EDS) study further established the 

formation of ZnO and ZnO-ZnS materials. In the FTIR spectrum the presence of Zn-

O symmetric stretching vibration at 442 cm
-1

 and 809 cm
-1

, due to weak vibration of 

ZnO, while the other peak at 687 cm
-1

 due to Zn-S symmetric bending vibration 
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proved the formation of ZnO-ZnS composite material. Optical absorption spectrum 

showed that the band gap energy decreased for ZnO-ZnS composite compared to the 

pure ZnO NPs. The photoluminescence spectral analysis shows that the broad 

emissions spectrum caused due to several different bands, owing to the presence of 

zinc vacancies, oxygen vacancies, and surface defects. The photocatalytic 

performance of these samples was tested for degradation of a dye methylene blue 

under UV light exposure. ZnS-ZnO composite shows the higher dye degradation 

efficiency (93 %) than that of pure ZnO (55 %). 

In the fourth chapter, ZnO, and ZnO/CuO nanocomposites have synthesized 

by simple chemical co-precipitation method through calcination at 400 °C for 4hrs. 

Prepared nanocomposite samples were appraised by X-ray diffraction (XRD), energy 

dispersive X-ray spectroscopy (EDX), scanning electron microscope (SEM), high-

resolution transmission electron microscopy (HRTEM), Brunauer-Emmett Teller 

analysis (BET), and UV-visible spectroscopy. From the XRD analysis, it’s proved 

that the forming of crystalline nanocomposites material while magnified SEM images 

showed that single hexagonal structural of pure ZnO and agglomeration of grain like 

structure of ZnO/CuO composite by calcination on 400 °C. HRTEM investigation 

proves that hexagonal structure of pure ZnO is obtained by aggregation of the knife-

like structure. BET analysis accepted that the mesoporous nature of nanocomposites. 

UV-Visible spectra have been also discussed the optical behaviour of the materials. 

The photocatalytic operation of the fabricated materials, ZnO and ZnO/CuO 

composite was well-established for the photo-degradation of Congo red (CR) organic 

waste in aqueous phase under irradiation of visible light. The ZnO/CuO composite 

shown better photocatalytic activity for decolourization of CR dye. 

In the fifth chapter, ZnO/γ-Fe2O3 nanocomposites are prepared by the simple 

co-precipitation method. The prepared composites materials were characterized by X-
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ray diffraction (XRD), high resolution scanning electron microscope (HRSEM), 

energy dispersive X-ray spectroscopy (EDX), Brunauer Emmett Teller analysis 

(BET), and UV-visible spectroscopy. XRD confirmed the formation of hexagonal 

wurtzite nature of ZnO and cubic structure of γ-Fe3O4 in the composite materials, 

while SEM images showed spherical and rod-like structure. BET analysis confirmed 

the mesoporous behavior of nanocomposites. UV-Visible spectroscopy has been 

applied to the measurement of band gap and photo-oxidation behavior of organic dye 

methyl blue and rhodamine B (Rh B). Experimental data suggested that ZnO/γ-Fe2O3 

nanoparticles catalyst possessed the highest catalytic activity towards Rh-B 

degradation in aqueous solution as comparison to the methylene blue at the tested 

concentration level of 1×10
-5

 M. 

In the sixth chapter, achieve effective, economic, and easily synthesizable 

photocatalyst like as ZnO, ZnO/ZnS and ZnO/ZnS/α-Fe2O3 nanocomposites have 

been prepared by a simple chemical synthetic route in the aqueous medium for the 

degradation of dye methyl orange (MeO). Phase, crystallinity, surface structure and 

surface behavior of the synthesized materials have been determined by X-ray 

diffraction (XRD) and Brunauer Emmett Teller analysis (BET) technique. XRD 

revealed that ZnO, ZnO/ZnS and ZnO/ZnS/α-Fe2O3 are good crystalline and in nano-

region. From the XRD patterned the percentage composition of photocatalyst have 

also been determined. From the BET analysis, the prepared materials show 

mesoporous behavior containing type IV curves along with H4 hysteresis. The 

ZnO/ZnS/α-Fe2O3 composite sample shows more surface area as comparison to the 

other materials. From the UV-visible spectra, the band gap energy of the materials has 

been determined. Photoluminescence spectra (PL) have been used to determine the 

emission behavior and explanation of the surface defect present on the surface of the 

composites materials. In PL spectra the intensity of UV peak of ZnO/ZnS is lowered 
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than ZnO while in case of ZnO/ZnS/α-Fe2O3, the intensity become further decreased. 

The visible emission spectra of ZnO/ZnS is increases as comparison to ZnO NPs 

where ZnO/ZnS/α-Fe2O3 is further increases from ZnO/ZnS. The lowering of the 

intensity of UV emission peak and increases of the intensity of visible emission is the 

resultant of decrease of recombination of electrons and holes which indicates the 

enhanced the rate of photocatalytic reaction. The as-synthesized composite materials 

have been used for the photocatalyst for degradation of dye MeO. The photo-

degradation data revealed that the ZnO/ZnS/α-Fe2O3 is the best photocatalyst material 

among these materials for the degradation of dye MeO. In the present work, ZnO, 

ZnO/ZnS and ZnO/ZnS/α-Fe2O3 nanocomposites have been synthesized via simple 

chemical co-precipitation followed by calcination at 600 °C for 1/2 h. Nanocomposite 

powders were characterized by X-ray diffraction (XRD), scanning electron 

microscope (SEM), energy dispersive X-ray spectroscopy (EDX), particle size 

distribution, Brunauer Emmett Teller analysis (BET), photoluminescence and UV-

visible spectroscopy. XRD confirmed the formation of crystalline nanocomposites 

while SEM images shown sheet-like ZnO and ZnO/ZnS and needle-like acicular 

ZnO/ZnS/α-Fe2O3 nanocomposite. BET analysis confirmed the mesoporous behavior 

of nanocomposites. Optical properties and band gap energy of as-synthesized 

materials were determined using UV-Visible spectral analysis. Photoluminescence 

spectra have been used to determine emission properties and photo-oxidation behavior 

of as-synthesized materials for degradation of methyl orange. ZnO/ZnS/α-Fe2O3 

nanocomposite exhibited the highest photocatalytic activity among the three samples 

for degradation of methyl orange (MeO). 

In the last seventh chapter, summary and conclusion of all the work has been 

discussed. 

*** 
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Chapter 1 

1 

Chapter 1 

General introduction and objective of the current work 

  “This chapter introduces a general view about nanotechnology, 

nanostructures, semiconducting nanostructures along with various kinds of 

nanostructures like nanoparticle and nanocomposites. It is also containing various 

type applications these materials in a different field in the modern life. The significant 

synthetic process of nanostructures/nanoparticles and composites as photocatalyst 

are desperately reviewed and expediency of composite nanostructures have been 

successfully considered in detail. The leading objectives and a brief framework of the 

present examinations carried out in this thesis are presented in brief.” 
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1.1. Introduction: 

1.1.1. Nanotechnology: 

Nanotechnology and nanoscience is a newly advanced prospective area to 

import welfares to various fields of investigation and application in the world of 

sciences. The idea of nanotechnology was first expressed by Dr. Richard Feynman 

(American physicist) in his assign talk “There’s plenty of room at the bottom”, in 

1959 [1]. But the nanotechnology term was initially introduced by Japanese scientist 

Professor Norio Taniguchi at International Conference on Production Engineering at 

Tokyo Science University Tokyo in 1974 [2]. Ever since Eric Drexler formulates the 

term, “Nanotechnology” in his book, “'Engines of Creations” in 1986 [3] and the 

popularization of the knowledge of nanotechnology by the book Nanosystems: 

“molecular machinery, manufacturing and computation” [4]. Although the meaning 

of "nano" differs from area to region and country in country and is commonly used as 

"catch all" for lots of things, nanotechnology is commonly described as to easily 

understanding, control and renovation of material on the atomic and molecular scale 

or in the sequence of particles lesser in size compare to 100 nm to produce materials 

built from them essentially with novel properties and behavior [5, 6]. The significance 

means of prefix “nano” is one billionth. The scaling of nanometer is equivalent to a 

billionth of a meter scale, or 10-9 part of a meter [7], which implies that these 

structures are extremely small (e.g: there is an inch equal to 25,400,000 nanometers in 

other words single sheet of newspaper is nearly 100,000 nanometers thick or ten 

thousand times lesser compare to the width of a human hair). For evaluation, the 

DNA’s diameter, lymphocytes, and viruses are 2.5, 30-50, and nigh on 7000 nm, 

respectively [8]. 
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In modern years, nanotechnology is intrinsically multidisciplinary field across 

the long-established boundaries between information technology, engineering, 

chemistry, physics, biology and mathematics. It gives a great commitment to provide 

us a wonderful future with several breakthroughs that modify the direction of 

technological progress in the massive range of utilization. It summaries a 

comprehensive study of research and improvement with the determination of 

assessing its prospective for technological innovation. However, it has the prospective 

to produce incoming industrial transformation that will have a considerable 

impression on humanity and day by day life. 

1.2. Nanostructures: 

 Nanostructures are any shape and size of the intermediate structure at a 

microscopic or molecular level which may have one or more dimensions in the range 

of 100 nm or less (Figure 1.1) [5, 9]. The nanostructured samples carry enhanced 

behaviour like improved hardness, high strength, ductility in ordinarily inelastic 

materials, erosion resistance, corrosion-resistance, wear-resistance and advanced 

chemical properties [10]. They are more powerful related to their conventional and 

commercially accessible supplements. They have various commercial and scientific 

relevances in areas like drug delivery, analytical chemistry, bio-encapsulation, 

electronics, magnetics, optical and mechanical devices. 

 
Figure 1.1: Spherical structure of nanoparticles [11]. 
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In the modern area of nanotechnology, there are numerous kind of 

nanostructures like one-dimensional nanostructure (1D) e.g. nanotubes, nanorods, 

nanoribbons, nanowires etc. has to fascinate the terrific attention due to their high 

aspect ratio and fascinating properties [12-15]. In this phase, two-dimensional 

electron confinement arises and delocalization occurs along the axis of the 

nanorod/wire/tube. One dimensional arrangement of several metals, metal oxide, 

semiconductor and its composites have also known and prepared by different routes. 

Also, their application has been projected for different properties like sensors, solar 

cells, supercapacitors etc. 

Nobel Prize of the year 2010 was honored to "Graphene". It is a single layered 

arrangement of carbon atoms containing sp2 hybridization with a honeycomb 

structure. Due to its own excited chemical and physical behaviours, it is used as 

supporting substances with potential application in various devices [16]. On the behalf 

of aforementioned research, it is proved that the graphene is a two dimensional (2-D) 

substances and its two-dimensional nature performs a significant role in identifying 

their exceptional set of behaviour, recently preparation and assessing of several 

inorganic equivalents of graphene i.e. various inorganic 2-D substances have enticed 

considerable attention [16, 17]. These inorganic 2-D substances generally have mono 

layered structures. These layer of graphene are mainly comprising of atoms or 

molecules. These monolayers are interconnected through the weak van der walls 

interaction and separated via exfoliation. Naturally, the thickness of these 

monolayered substances is reasonably less than 100 nm whereas; the width and length 

may outstrip to the nanometric dimensions. Remarkably, it has been attained that on 

varying the number of the monolayer, there was dramatically alteration in the 

electronic properties. Among the numerous inorganic 2-D substances, the transition 

metal oxides and sulfides are well known for their comprehensive range of electronic 
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and optical properties, have increased remarkable attention over the past few years 

and are considered as biggest competitors of graphene. 

1.2.1. Types of nanostructures:  

1.2.1.1. Nanoparticles: 

Generally, nanoparticles are a most fundamental unit of nanotechnology and 

well defined as particles of 1 to 100 nm size in the diameter and principally zero-

dimensional (0-D) in the structure. In general, the most of the nanoparticles are lesser 

in size and contain 20-15000 of atoms and remain in a range of the Newtonian and 

quantum scales [18]. Nanoparticles consist of single crystal, amorphous particles and 

polycrystalline substances with all probable morphologies like cubes, spheres and 

platelets with a representative size of petty nanometers. However, recently this field 

has attracted very much due to our ability to synthesize, engineer of these 

nanoparticles and utilize them for mankind. Due to the more interest and ability of 

researcher, there has been an evolutionary investment in the field of nanotechnology 

and its applications [19].  

1.2.1.2. Nanotubes: 

A nanotube is a one form of nanoparticle/nanostructural materials with one 

dimensional (1-D) tube-like hollow structure in the nanometer scale. It can be able to 

work as a cylinder to control the other nanoparticles and also applied as an electrical 

insulator or conductor. 

A carbon nanotube is the first discovered nanotube materials. L. V. 

Radushkevich and coworker reported the well-defined images of 50 nm diameters 

carbon nanotubes diameter in Soviet Journal of Physical Chemistry in 1952 [20]. 

When a single layer of the carbon nanotube is contained one tube of graphite is 

famous as a single-walled nanotube (SWNT) [21] or a numeral of parallel or side by 

side tubes is famous as multiwalled nanotubes (MWNTs). The image of SWNT & 
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MWNT was shown in the Figure. 1.2. The morphological structure of the nanotube is 

controlled its properties including conductance, density and lattice structure. 

There are three kinds of carbon nanotubes with well-defined geometry are 

known. These three geometries are armchair, zig-zag, and chiral. These geometries 

may be classified on the behalf of enclosed carbon sheet arrangement into tube 

(Figure 1.2) [22].  

 

Figure 1.2: Types of carbon nanotubes (NTs) [21, 22] 

Kontos et al. studied that the nanotubular (NTs) arrangement of titanium oxide 

(Figure 1.3) synthesized via electrochemical method by using ethylene glycol solvent-

containing electrolytes. These nanotubular titanium oxide NTs are tested for removal 

of organic contaminants like toluene and benzene volatile under irradiation of UV 

light at room temperature and pressure. The photocatalytic behaviour varies on 

altering the length of the NT arrays [23].  

 

Figure 1.3: Titanium oxide nanotubes (NTs) [24] 
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1.2.1.3. Nanowires: 

Nanowire is special kind of nanostructures with 1-D orientation of 

nanostructure (Figure 1.4) with cross-sectional diameter in nanometer (10-9 meters) 

range. This nanostructures contain the ratio of length and width is greater than 1000. 

Nanowires are also be understand on the behalf of thickness of the structure in which 

the nanostructures that have a strained thickness in 1 to 10 nm. At these levels, 

quantum mechanical effects are dominant, which used the term "quantum wires". The 

SEM micrograph of gallium and silver nitride nanowires are represented in Figure. 

1.4. The nanomaterial reforming toward the nanowires to afford more promising 

electron transport with minimum recombination loss than that from nanoparticle-

based solar cells. The main research work on the structural nanowire started with the 

simple vertically grown “nanowire forest”, and increased into more complex 2-D and 

3-D classified nanostructures to improve higher photo-conversion efficiency. 

 

Figure 1.4: (a-b) structure of Pt-Fe [25] (c-d) Silver [26] and (e-f) ZnO nanowires 

[27] 
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1.2.1.4. Nanoribbons:  

 Nanoribbons are usually illustrated as two dimensional (2-D) layered 

structures with 1-50 nm width. Graphene were commonly received as nanoribbons. 

Pascal Ruffieux et al. mentioned that the Graphene-based nanoribbons structures 

performed well electronic properties than continued graphene. For instance quantum 

confinement in the form of armchair graphene nanoribbons and carbon nanotubes 

generate the considerable electronic band gaps that are related to their structural 

boundary conditions [28, 29]. Nanostructures containing zigzag edges are estimated to 

host spin-polarized electronic edge states and can consequently serve as key elements 

for graphene-based spintronics devices [30]. The electronic levels of nanoribbons are 

mostly governed by the structure of edges (armchair or zigzag). 2-D structure of 

nanoribbons has immense thermal as well as electrical conductivity. The some type of 

morphological arrangement of graphite nanoribbons are displayed in Figure 1.5. 

 

Figure 1.5: Structure of Graphite nanoribbons [30, 31] 

1.2.1.5 Nanorods:  

Nanorods material is one-dimensional (1-D) nanostructures substances with 

their standard appearance ratios of length and width are 3-5 and their dimensions 

ranges from 1-100 nm. They may be fabricated through semiconducting materials or 

pure metals. These nanorod structured materials are initially interacting from their 
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exclusive optical to photocatalytic properties and optoelectronics which intensely 

depend on their morphological shape and size. The nanorods of ZnO substances has 

been broad applicable for light-emitting diodes [32-34], photovoltaic devices [35], 

heterogeneous catalysis, and chemical sensors [36] because of its exceptional 

semiconducting and optical behaviours [37, 38]. The optical behaviour of these 

substances are the result of the electronic interaction between the electron of the 

conduction band of metal and electric field component of the electromagnetic 

radiation but in few cases of silver and gold metal indicates a forceful absorption in 

the visible part of the spectrum, and in turn to unusual bright colors which is not 

detected in the bulk material. The TEM micrograph of ZnO nanorods and gold 

nanorod are exposed in Figure 1.6. 

 

Figure 1.6: TEM of (a) ZnO nanorods [39] (b) gold nanorods [40]. 

1.2.1.6. Nanocomposites: 

Nanocomposites are those multiphase materials which are achieved by the 

engineered consolidation of two or more dissimilar substances in which one phase of 

substance is identified as reinforcing phase, is in the kind of fiber sheets or particles 

and are implanted in the supplementary substances named as matrix phase. The 

fundamental occupations of matrix are to transmit stresses between the reinforcing 

phases of substance and to defend them from machine-driven and environmental 
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destruction although the existence of particles in a nanostructured composite increases 

its mechanical strength and stiffness etc. Therefore an interdependent arrangement of 

more than two micro-components that have dissimilar physical properties and in 

chemical arrangement and unsolvable in each other are known as nanocomposite 

materials. The main intention of fabrication of composite material is to boost the 

properties of each substance without cooperating on the weakness of each other. 

Composite materials have fruitfully replaced the traditional materials in several 

advances such as light weight and high strength usages. The main justification behind 

the collection of composite material for their relevance is principally because of its 

extraordinary tensile strength at a huge temperature and more strength-to-weight ratio, 

high toughness as well as high resistance. Generally, reinforcing materials of 

nanocomposite are robust with lesser in density while the matrix is typically ductile or 

tough material. If the nanocomposite samples are systematically planned and 

synthesized, it enhances the strength of the materials with the toughness of the matrix 

to attain a combination of required properties that not obtainable in any single 

material. The influence of the composites initially depends on the quantity, 

arrangement and type of particle reinforcement in the resin. 

Nanocomposites nanostructures also exhibit outstanding consequences for 

numerous applications such as antibacterial activity, biosensor, gas sensor, paints, 

photocatalyst, sunscreen, solar cells, and so on. Commonly, the ZnO based 

heterogeneous nanocomposite substances including ZnO/metal oxide, ZnO/metal and 

ZnO/polymer perform photocatalysis in visible light, owing to the appearance of 

intermediate states by absorbs visible light to inhibit the recombination of exciton 

during the photo reaction [41-45]. 
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Figure 1.7: TEM image of graphene/WO3 nanocomposites [46]. 

1.2.2. Properties of nanostructures: 

 Nanostructure materials behave as linkage among the bulk materials and 

materials having the atomic and molecular structures. The behaviour of a bulk 

semiconductor like as structural, electronic, optical and photocatalytic properties are 

not predictable to change with simple variations in size or shape i.e., in a bulk 

intrinsic semiconducting materials, the properties are size independent but depend 

only on the chemical composition of materials. Due to their inimitable shape and size 

dependent wealth such as photonics, optics, electronics and photocatalytic 

performance, nanostructured substances have got more interest. 

 Novel properties are fundamentally dependent into the shape and size of the 

nanostructured materials or thin films as a result of the contraction in the dimension of 

material or when the diminution in the length of nanoparticles below to the 

ferromagnetic exchange length, the Fermi level of electrons, etc. [47]. The typical 

properties of the nanostructured materials can be described by the following: 

1.2.2.1. High Surface-to-Volume Ratio: 

 The outer surface of materials has more significant characteristics and show 

vital properties of nanostructured materials. The atoms existent on the outward of the 

nanostructure are more active chemically and thermodynamically related to their bulk 
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atoms due to they usually have less neighboring coordinate atoms and more pendent 

bonds. The number of defects present on the surface of nanoparticles, produce or 

generate sub-electronic states in the band gap, which shows strong trapping behavior 

for electron or hole (excitons). For spherical shaped nanoparticles, the relation 

between the surface area and radius is inversely proportional to each other. Therefore 

the relation between surface properties and size of nanostructures are interconnected 

[48-51] when the size decreases then surface to volume ratio increases and the surface 

effects become more apparent and thereby easier to explore. Apart from this, the gap 

between the energy levels of nanostructures are also concerned by these effects [49-

51]. The system which has only few hundred atoms, the enormous number of these 

atoms will be positioned on the outward. The smaller the nanomaterial’s, the greater 

the energy of the surface is contributed to the total energy of the system, which makes 

considerable changes in the properties of the materials. 

 Defects, shape and size dispersion, imperfection in structure, residual stresses, 

impurities, etc., in the material are also known to impact the ownership of 

nanoparticles materials. 

1.2.2.2. Quantum confinement: 

The optical, electronic and magnetic behaviour of nanomaterials mainly 

depends on its size [52]. The electronic energy levels are not in continuous as in bulk 

materials but are changed into discrete or quantized electronic levels, owing to the 

electronic confinement wavefunction to the spatial arrangement of the particles. This 

phenomenon is termed as quantum confinement and nanocrystals are also termed as 

quantum dots. Therefore, optically, the electronic transitions between the bands 

become discrete. Quantum confinement alters the optical performance of 

nanostructured materials. The increasing of band gap energy of semiconducting 
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substances as a result of the reduction in the size or quantum confinement influences 

as compared to the bulk materials [53]. For materials associated with larger 

nanoparticles, the excitation of electron throughout the band gap hinges on only the 

energy difference in the valence and conduction band. When the materials size are 

confined nearer to the Bohr radius then quantum confinement effect initiates to impact 

the excitation energy through the band gap [54-56]. Based on the orientation of 

confinement, a quantum confined nanostructure are categorized into three major 

categories as quantum wire, quantum well and quantum dots or nanocrystals. The 

basic type of quantum confined structure is shown in Table 1.1 

Structure Quantum confinement Number of free Dimensions 

Bulk 0 3 

Quantum well 1 2 

Quantum wire 2 1 

Quantum  

dot/Nanocrystals 

3 0 

 

Table 1.1: Classification of quantum confined structures. 

1.2.2.3. Brownian motion: 

 Brownian motion is originated by the irregular and continuous movement of 

miniature nanoparticles in a liquid or gas. The particles of the molecule are suspended 

entire the liquid or gas due to their inherently random nature of motions and collide 

with the bigger suspended particles randomly, making them movable. At macroscale, 

we hardly see the movement of particles or why they move but at the nanoscale, the 

particle moves wildly batted about by a smaller particle. 
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1.2.3. Applications of nanostructures: 

1.2.3.1. Drug delivery: 

Numerous kinds of nanostructures that can be used in the drug delivery 

system. Among these nanostructures, inorganic mesoporous materials have obtained 

significant consideration in the previous some decade as a consequence of their 

exceptional properties like high loading ability, chemical and physical robustness, less 

toxicity, straightforward and cheap manufacture in the laboratory. Dendrimers 

(hyperbranched molecules) are a class of nanomaterials which are fabricated for wide 

applications containing treatment for cancer. In the dendrimers nanomaterials, the 

drug molecules can be linked to the side branches. Dendrimers can be applied as 

specific coating agents to safeguard or distribute drugs to the required sites or work as 

time-release machines for biologically active agents in the body. They work as 

healing agents in the remedy of cancer, termed as Boron Neutron Capture Therapy 

(BNCT). In this medicinal procedure, the patient is given as an injection of an inert 

isotope of boron, (10B) along with non-radioactive pharmaceutical. It is selectively 

migrated to the cancerous cell. When the 10B injected, the patient is thermally treated 

by neutrons, these neutrons interact with the boron and produce alpha particles in the 

cancerous cells which destroy the tumor cells [57]. Dendrimers are also helpful in 

gene therapy by working as vectors. Vectors are transporters which transport genes 

through to the cell membrane to the nucleus [58]. Apart from biomedical applications, 

they are also applied to expand industrial processes.  

1.2.3.2. Space Applications: 

Carbon nanotube (CNT) nanostructures acquire various utilizations in space 

[59]. It significantly decreases the mass of the space structures. CNTs are very 

excellent substances for the usage in space elevator cables, as a result of their unique 

properties such as light-weight and more strengthen nature. CNTs are also applicable 



Chapter 1 

15 

for the further advancement of the solar cell. These weightless nano-devices use the 

reflection of sunlight’s to move the spacecraft forward and save huge amount of 

commercial fuel in the form of energy. The use of nanostructures in the form of 

nanorobot for making the space suite of an astronaut to watchful and protect them 

from the space rubbles. Due to the lightweight and stretching nature of the 

nanostructured metals, they are used as a coating agent to provide the resistance from 

corrosion and also applicable for the application in aerospace constituents like as 

landing gear and constructive apparatus (drill bits and bulldozer blades). 

1.2.3.3. Electronics: 

Nanostructures like as CNTs are now hybrid with many types of polymer to 

fabricate conducting nanocomposite samples and applicable as an electromagnetic 

protector in cell phones and static electricity resistance in cars. The relevance of 

carbon nanotubes are well-known for the application in the flat displays. Recently 

gallium nitride (GaN) and zinc oxide (ZnO) nanoparticles are further used for LED 

displays [60]. At the modern time, ZnO nanowires are applicable for the development 

of LED display on the flexible substrates [61]. Laser devices are composed of 

conducting an array of quantum dots and nanowires [62]. CNTs and nanostructures of 

cobalt, manganese, and vanadium are applicable to the Lithium-ion batteries for its 

improved performance [63]. Coatings and doped semiconducting materials are also 

applicable for making some electrical products to protect its properties. Silver 

nanostructures with a plastic polymer resin are used to manufactures the major parts 

of the refrigerator in order to restrict the growth and enhance of a variety of bacteria 

and to quash odours. Besides, applying coating silver nanostructures as a novel 

method, this termed as ‘silver wash’ method is projected to expand the cleaning of 

clothes. 
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1.2.3.4. Displays: 

 The manufacturing of displays with small consumption of electric energy 

could be consummated by consuming carbon nanotubes (CNTs). Carbon nanotubes 

are a good conductor of electricity as a consequence of their petit diameter of several 

nanometers, they can also be applicable as field emitters with enormously high 

efficiency for field emission displays (FED). 

1.2.3.5. Catalysis: 

 The catalysis assistance, particularly from nanostructured materials, assists 

catalysis owing to the large volume to surface ratio. There is an extensive range of 

application of nanostructures from the fuel cell, catalytic conversion of photocatalytic 

devices to the photocatalytic decontamination of organic dyestuff from the 

wastewater. Inorganic metal semiconductor nanostructure has huge surface area so 

that there is enhanced catalytic activity in the short time interval owing to the more 

catalytic reaction on the outward face. 

Nanocatalysts are simply isolated and reproduced with greater retention of 

catalyst activities than their bulk counterparts. The catalyst can effort as two different 

roles in degradation process, they can be the site of catalysis or they may act as a 

support for the catalytic pathway [64]. 

1.3. Synthesis method of nanostructures: 

 Basically, there are two elementary processes applied for the assembly of 

nanostructures with various rates of quality, cost and speed: 

 “Top-down” method, which involves the breaking down of bulky fragments of 

material to produce the preferred nanostructures as a physical method [65]. 

 “Bottom-up” method, which advise that the collection of single atoms along 

with molecules into essential nanostructures as a chemical method [66]. 
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Figure 1.8: Top down and bottom up method for the synthesis of nanostructured 

materials 

 

Many disciplines including biology, physics, chemistry and engineering are 

pursuing a wide assortment of methodologies for producing nanomaterials. The 

various techniques for fabricating nanoparticles are generally classified as either 

physical or chemical methods [67]. 

1.3.1. Chemical Method: 

1.3.1.1. Chemical vapor deposition: 

Chemical vapor deposition is a chemical technique pragmatic for the 

fabrication of high-purity and high functioning nanostructure solid samples. It is 

defined as any chemical process in which formerly precursor materials are vaporized 

and later on this vaporized materials are condescend for solidification to obtain the 

solid-phase material. These method are ordinarily applied to fabricate the coated 

materials to modify the corrosion resistance, electrical, mechanical, thermal, optical, 

and wear hindered properties of numerous substrates. They are also further applicable 

to design the free-standing bodies, fibers, films, and to infiltrate template to form 

nanocomposite samples. In recent period of time, they have been commonly explored 

to synthesis of several nanostructures. The chemically vapor deposition procedures 
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typically occur into a vacuum chamber. In this process, if no chemical reaction are 

takes place then this process is termed as physical vapor deposition (PVD); else, it is 

termed as chemical vapor deposition (CVD).  

1.3.1.2. Sol-Gel Method: 

Sol-gel method is a very inimitable and versatile wet chemical process to 

produce various advanced nanostructures materials with high-purity, low-cost at 

minimum temperature and informal control of shape and morphology [68-72]. In a 

characteristic sol-gel method, hydrolysis of precursors materials (like as inorganic 

salts, metal alkoxides, and organic polymers), polycondensation to produce suspended 

sol and then sol transformation occur into gel phase by freezing process then drying of 

wet gel along with heat treatment to obtained crystalline nanostructure materials. A 

vastly porous and low-density material termed as aerogel is achieved. 

1.3.1.3. Hydrothermal synthesis: 

Hydrothermal process is very common and versatile chemical synthetic 

method, is accompanied in a stainless steel containing container at appropriate high 

temperature which is termed as autoclave. These autoclave disciplined temperature or 

pressure along with applying Teflon liners with reaction medium (aqueous) solution. 

In this process, the temperature of the reaction medium could be enhanced to the 

boiling point of water solvent and extending pressure to vapour saturation. The core 

pressure which fashioned during the reaction is hinge on upon the quantity of solvent 

containing to the autoclave. There are a number of groups of the researcher are used 

this technique for the fabrication of ZnO and TiO2 nanostructures [73-77]. 

1.3.1.4. Chemical co-precipitation: 

 Co-precipitation is also very widely adopted way for the production of desired 

nanomaterials like metal oxides nanoparticles from its inorganic precursor salt 
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solutions by the addition of a alkaline solution in inert atmosphere (in the existence of 

nitrogen or argon gases) at common temperature or at desirable temperature in huge 

scale with reasonable charge. The elemental composition, size and shape of the 

produced particles are mainly hinge on the precursor used (e.g., chlorides, sulfates, 

nitrates). Nanostructure materials is prepared by two general way, first, addition of 

basic solution in the very slow manner and secondly fast addition of basic solution in 

the reaction solution of precursor salt solution of metal [78-81]. 

 

Figure 1.9: Co-precipitation method of synthesis of nanomaterials 

1.3.1.5. Micelle and Inverse Micelle Methods: 

 The general definition of micelles is that the accumulation of molecules of 

surfactant which are well circulated in a colloidal liquid at above the surfactant 

concentration termed as critical micelle concentration (CMC). The CMC is the 

concentration of surfactants in free solution in equilibrium with surfactants in 

aggregated form. The micelles is composed of mainly two part head and tail. The 

head part of the micelle is hydrophilic in nature and is oriented toward the 

surrounding aqueous solvent and tail part is composed by hydrocarbon chains, 

hydrophobic in nature and directed interior of the micelle center. The concentration of 
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existing lipids in the solution has determined the self-organization of surfactants and 

lipid molecules. Lipids creates a layer on the outward of liquid and are dispersed in 

the solution below the CMC. The critical micelle concentration (CMC) is ascertained 

by chemical composition along with the ratio of the head area and the tail length 

significantly. Reverse micelles are establishes in nonaqueous solvent owing to the 

arrangement of hydrophilic head groups and hydrophobic tail group are inverse to 

each other. Means the head are moved toward inside the center of the micelles and the 

hydrophobic tails are moved outward toward the nonaqueous media. Micelles may 

have different type shape like as globular and roughly spherical, but cylinders, 

ellipsoids, and bilayers are also possible. The shape of a micelle is a toil of the 

molecular arrangement of its surfactant molecules and solution circumstances like as 

surfactant concentration, pH, temperature, and ionic strength. 

1.3.1.6. Sonochemical Technique: 

 Sonochemical method used high energy sound waves for the construction of 

an ample range of nanoparticles sample containing huge-surface area of transition 

metals oxide, sulfides, alloys, carbides, and colloids. In the synthetic sonochemical 

process transient high energy ultrasound waves with standard frequency operated into 

a reaction solution of meticulously selected metal complex precursors. Owing to the 

vapor pressure produced of assured threshold during the sonolysis in the solvent the 

discontinuous waves of extension and miniaturization origin cavities to the 

construction, growth and collapse of bubbles in a liquid [82, 83]. 

1.3.1.7. Solvothermal synthesis: 

 The solvothermal technique is virtually analogous to the hydrothermal 

technique excluding that the non-aqueous solvent used in this method. In 

solvothermal process the temperature enhanced related to hydrothermal method, this 
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is the cause to usage a dissimilar types of organic solvents which have high boiling 

points. The solvothermal technique generally has much control than hydrothermal 

method for the fabrication of desired shape and size with homogeneous distribution of 

crystalline nanostructures of ZnO and TiO2. The solvothermal technique has been 

adopted as versatile process for the fabrication of eclectic variety of nanostructures 

with required size and shape distribution [84-86]. 

1.3.2. Physical Methods: 

1.3.2.1. Physical vapor deposition: 

 Physical vapor deposition (PVD) illustrates the several types of vacuum 

deposition techniques which can be operated to prepared nanomaterials and its coated 

substances. In the physical vapor deposition (PVD) method precursor of the materials 

are primally vaporized and then condensed to produce a solid nanostructure material. 

The principal of PVD technique contains thermal deposition, ion plating, ion 

implantation, sputtering, laser vaporization, and laser surface alloying. 

1.3.2.2. Laser ablation synthesis: 

 This technique deals with fabrication of nanostructured materials by applying 

high energy laser beam. In this technique, a high energy laser beam is concentrated on 

the reaction mixture. The laser beam conveys a short beam of high energy which has 

adequate to evaporate the small portion of the metal objective which compressed in 

nanostructure materials in the reaction solvent. Commonly this technique is applied to 

produce nanostructured samples of gold, platinum and silver. However, this technique 

may also be expanded for the fabrication of other nanostructured materials like as 

metal alloys. The advantage of the sort pulse beam in this process to consent the 

ablation process to accept in a number of mediums, containing more volatile to vastly 
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reactive monomers. This process can be applied to a wide range of sample and 

reaction solvent assurance. 

1.3.2.3. Mechanical milling process: 

 Mechanical milling is also applied to the fabrication of nanostructured 

materials on the industrial scale under physical method due to its simplicity and 

flexibility of the process. In this process, bulk material which is strong mechanically 

pulverized through in the milling process to fabricate nanoparticles which exist 

already in the micro dimensions. 

1.3.2.4. Arc discharge synthesis: 

 Arc discharge technique is also a physical process for the synthesis of 

nanostructure materials. In this process, nanomaterial’s are produced through arc 

assisted dissection of bulk materials. The general arc discharge process, two 

electrodes are hold nearer to each other in the reaction medium and high voltage 

applied between them to produce electrical disruption for producing arc discharge. 

Due to the enhancement of arc discharge to create thermal discharge and increase the 

temperature of the continue plasma to some thousand degree Celcius which 

potentially vaporized the surface of the electrode in the reaction medium. The 

produced vaporized metal compact in the reaction medium to fabricate nanostructures 

substances. The compacting reaction medium, applied voltage and electric current of 

the electrode are the foremost factors are responsible for the production of 

nanostructure materials. The enormously huge temperature created in between the 

nearer electrode can also assist to aggregation of atoms to produce a new particle that 

is dissimilar to the electrode materials. The carbon nanotubes are most frequently 

fabricated by this process. 
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1.4. Nucleation and Growth of nanoparticles in solution phase: 

1.4.1. Classical Nucleation: 

Nucleation is the process under which atomic nuclei work as a template for 

crystal growth. According to the Mullin the primary nucleation is an earlier instance 

of nucleation in the absence of any other crystalline matter [87]. This can be applied 

to understanding the nucleation of several chemical synthesis [88, 89]. However, the 

production of various types of solids does not constantly obey the classical method of 

crystallization in solution. Furthermore, Habraken et al. [90] explained that the ion-

combination complexes come together classical and non-classical concepts for the 

biomimetic nucleation of calcium phosphate. When the uniform nuclei are formed in 

parent phase then homogeneous nucleation occurs, whereas heterogeneous nucleation 

produces at inhomogeneities structure such as container surface, impurity, grain 

boundaries and dislocation. In the liquid phase, heterogeneous happen much 

smoothly, since a stable nucleating surface is already present. The nuclei obtained by 

the homogeneous process can be thermodynamically measured by the total free 

energy of a particle described as summation of the surface free energy and the bulk 

free energy [87, 91]. Suppose the radius of the spherical nanoparticles is r, the surface 

energy γ and the free energy of bulk crystal ΔGv, providing a total free energy ΔG are 

represented in equation 1.1. The own free energy of crystal, ΔGv is depends upon the 

atmospheric temperature T, Boltzmann’s constant kB, supersaturation of solution S, 

and its own molar volume v. then ΔGv is described as in equation 1.2.  

2 34
4

3
vG r r G                                                                                               (1.1) 

 lnB

v

k T S
G

v


                                                                                                     (1.2) 
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The surface free energy are always a positive value due to this reason the crystal free 

energy are always a negative quantity. It is possible to obtain maximum free energy, 

which passes through a nucleus forming a stable nucleus by differentiating ΔG with 

respect to r and give it to zero dΔG/dr = 0, which provides a critical free energy, 

equation 1.3. By this pathway the critical free energy is described in equation 1.4: 

2 hom4

3

o

crit crit critG r G                                                                                          (1.3) 

2 2

ln
crit

v B

v
r

G k T S

 
 


                                                                                              (1.4) 

This critical radius related to the minimum size at which a particle can stay alive in 

the solution in the lack of redissolved. The same thing is applicable for the particles 

free energy, where the critical free energy is mandatory to achieve stable particles in 

the solution (Figure 1.10). 

 

Figure 1.10: The Free energy diagram for nucleation elucidating the presence of a 

“critical nucleus.” 

 

A kinetics of the nucleation of N nanoparticles at time t can be defined with the help 

of Arrhenius rate equation, equation 1.6, in this equation A is pre-exponential factor. 
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From the equation 1.6, there are three experimental factors can alter such as 

supersaturated solution S, temperature T, and surface free energy. Kwon and Hyeon 

[91] studied by plotting these parameter, (Figure 1.11). The supersaturation shows the 

maximum effect on the rate of nucleation, where it changes from S = 2 to S = 4, the 

nucleation rate enhanced about 1070 times, and a deviation in the surface free energy 

produced by various surfactants. 

 

Figure 1.11: Rate of nucleation as a function of (a) supersaturation, (b) temperature, 

and (c) the surface free energy [91]. 

 

1.4.2. Classical Growth: 

 The growth of nanostructure materials is mainly dependent on the surface 

reaction and the diffusion of nuclear monomers on the surface [92]. The growth of 

nanostructures by the diffusion on the surface was illustrated by Fick’s first law, 

equation 1.7 can be used, where r is the particle radius, J is total flux of monomers 

which passing through a spherical plane with radius x, D diffusion coefficient and C 

is the concentration at distance x respectively (Figure 1.12). 
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Figure 1.12: Schematic illustration of the growth of nanoparticles [91]. 

24
dC

J x D
dx

                                                                                                   (1.7) 

Fick’s first rule can be reused as equation 1.8, for the case of growth of nanoparticles 

in the solution. Where the distance from particle surface to the bulk concentration of 

monomers is represented as δ, bulk concentration is Cb of monomer in the solution, Ci 

is the concentration at the solid/liquid interface of the monomers, and Cr is the 

solubility of the particle (Figure 1.12). 

 
 
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b i

Dr r
J C C

 




                                                                                    (1.8) 

As J is constant irrespective of x due to the steady state of the solute diffusion, 

integration of C(x) from (r + δ) to r gives equation 1.9: 

 4 b iJ Dr C C                                                                                             (1.9) 

The equivalent equation can be used for the kinetic of surface reaction “k” equation 

1.10. Assume that the rate of reaction does not depend on the size of the particles.  

 24 i rJ r k C C                                                                                           (1.10) 

It is clearly shown from the equations 1.9 and 1.10 there are two limiting parameter 

either the monomers diffusion on the surface or the rate of reaction of these 

monomers on the surface. If limiting parameter is diffusion then the variation in the 

size of particles with time is given by another equation 1.11: 
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 b r

dr Dv
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dt r
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Correspondingly if the limiting parameter is surface reaction then equations 1.9 and 

1.10 can be rewritten to equation 1.12. 

 b t

dr
kv C C

dt
                                                                                                  (1.12) 

But when the growth of particles is not dependent on both limiting parameter then the 

increase in particles radius with time is represented as equation 1.13: 

 b rDv C Cdr

Ddt r
k





                                                                                            (1.13) 

It is well-known that the solubility of nanoparticles is dependent on the particles size 

and from the Gibbs-Thomson equation, equation 1.14, a spherical nanoparticles gas 

an additional chemical potential Δμ = 2γv/r. Then Cr is the solubility of particles as a 

function of r, where v is the molar volume of bulk crystal and Cb is the bulk 

concentration of the solution. 
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For the growth of nanoparticles which is already expressed in the equation 1.11 can 

be formed by the combination of equations 1.15 and 1.13 [93, 94]. 
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Where all the constants are described as follows: 
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2

Bk T D
K

v k
                                                                                                  (1.18) 

In the equations no 1.17 & 1.18 2γv/kBT is represented as the length of capillary and 

K is the Damkohler constant. The Damkohler constant designates whether the 

reaction is diffusion or dependent on the rate. If the value of D << 1, then diffusion of 

nuclear is dominated on the surface reaction. 

1.4.3. Theories of nucleation and growth: 

 The different types of theories are present for describing the nucleation and 

growth process of the nanoparticles in the solution phase.  

1.4.3.1. LaMer Mechanism: 

 For the first time, the nucleation and growth mechanism understood by LaMar 

and co-worker in the preparation of sulfur sol or colloid from a homogeneous 

supersaturated aqueous medium experiment in 1950 [95, 96]. They have explained the 

nuclear and growth mechanism conceptually by separating into two stages: first to 

produce free sulfur sols from the decomposition of solid thiosulfate and last form 

sulfur sols in solution. For the easily understanding the nucleation and growth by the 

LaMer method, it can be categorized into three categories. In the first category, a 

spontaneous increase of free monomers concentration in the solution, secondly the 

burst nucleation occurs of monomer which incomparably decreases the concentration 

of free monomer in the solution. The rate determined by the slowest steps of this 

nucleation and after this step, there is no other nucleation occurs due to minimization 

of the concentration of monomers at this point and in the finely third category the 

growth of particles occurring at the controlled diffusion of monomer in the solution. 

All the three categories are systematically observed in the Figure 1.13 which plotted 

against the concentration of monomer with the time function. A very excellent 

example of this LaMer mechanism is the growth of silver halides [97].  
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Figure 1.13: LaMer diagram schematic [95]. 

1.4.3.2. Ostwald Ripening and Digestive Ripening: 

 Ostwald ripening mechanism was earlier mentioned in 1900. This is the 

mechanism of growth is initiated by variation in the solubility of nanoparticles 

dependent on their size which is well explained by the Gibbs-Thomson equation 1.14. 

Because of the high surface energy and solubility of smaller particle in the solution, 

these smaller particles are redissolved and allow the formation of larger particles. The 

mathematical explanation of Ostwald ripening mechanism in the closed system is 

defined by Lifshitz, Slyozov and Wagner [98, 99]. 

Digestive ripening and Ostwald ripening mechanism are inverse to each other 

and Digestive ripening is more efficient than Ostwald ripening mechanism. According 

to the Digestive ripening mechanism, the growth of smaller particles due to the 

destruction of the larger one and is well explained by Lee et al. [100] where the 

resultant Gibbs-Thomson relation is applicable. 

1.4.3.3. Finke-Watzky Mechanism: 

 The Finke-Watzky mechanism is explained in the two steps where the 

nucleation and growth both processes occur simultaneously [101]. In the first step a 
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relaxed but continuous nucleation (equations 1.19) occur but in the second step the 

self-catalytic growth takes place which is not controlled by diffusion (equations 20) 

process [102]. 

A → B                                                                                                                   (1.19) 

A + B → 2B                                                                                                          (1.20) 

This mechanism was realized by the reduction of transition metal salt through 

hydrogen which was explained by the reduction of cyclohexane [103]. 

1.5. Effect of pH, concentration, temperature of precursor factor for the growth 

of NPs: 

1.5.1. Effect of pH: 

For the measurement of the growth rate of materials with the chemical route in 

the solution phase, the pH value of the solution has always played an important role in 

the production of the final products. To understand effectively the effect of the pH on 

the growth of ZnO nanostructures, the initial, as well as the final pH values, were 

carefully measured before and after the growth. G. Amin et.al reported that the 

synthesis of high-density ZnO nanostructures materials from solution phase at pHinitial 

= 6.6 in 5 hrs. This experiment indicates that at this basic medium only rod-like 

structures can be developed. But when on increasing the pH from 6.6 to 8, the 

morphology of the ZnO nanostructured materials change from rod-like to nano-

tetrapod [104]. This can be described by the specialty of hydroxide ion concentration 

in the initial solution, provide for the growth in anisotropic directions. On increasing 

the pH up to 9.1 the growth rate further enhanced due to the rising in the 

concentration of OH− ion which provides a flower-like structure of ZnO nanoparticles 

with thick arms in the solution phase. On further increasing of pH from 9.1 to 12, 

urchin-like ZnO nanostructures with needles length of 2 µm and a diameter of ∼50 

nm synthesized in from solution. Parallel surface morphological nanostructures were 
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achieved at pH of 12.5 because of the development of [Zn(OH)4]
2- intermediates in 

the reaction medium. However, in the acidic medium approximately large 2-D rods 

were formed at pH < 4.6 and down to 1.8 by the incorporation of HNO3 and 

elucidated that etching was serious at the minimum pH values which also favored the 

consequences that the ZnO begins to be etched in an acidic medium solution [105]. 

However, it is very ingesting to know that at pH < 4.6 no growth was achieved when 

the pH value was dropped by the addition of HCl. This can be due to the fact that the 

etching was dominating over the growth. 

1.5.2. Effect of concentration: 

 On the variation in the concentration of the reactants at fixed pH value is 

debated. It is constantly well known that on raising or lowering the concentration of 

the precursor of chemical reactants will ultimately affect the final products. G. Amin 

et.al reported that the growth of ZnO nanostructure in the aqueous medium, they have 

found micro-rods like structures at high concentration of the precursor reactants was 

used [106]; when a relatively lower concentration of the precursor was used by the 

same authors the nanorods and nanowire of ZnO nanostructures were obtained [107]. 

This suggests that a good control over the chemical reactants can be applied to 

improve in direct resistor over the dimensions of the final ZnO nanostructures. 

According to this conclusion, more research has been studied the effect of the 

precursor concentration on the dimensions of nanostructures at the constant pH value. 

On varying the concentration of the precursor the density, diameter, and length of the 

synthesized ZnO nanostructures varies; at higher concentration produces a micro-

sized ZnO nanostructures materials with densely packed along the c-axis. 

Nevertheless, Zhu et al. have fabricated ZnO-based core/shell nanostructure at by 

applying 5 mM precursor at the shorter time by modifying the aqueous solution [108]. 
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1.5.3. Effect of temperature: 

 Like pH and concentration of the precursor materials, the temperature is also 

one another very important parameter that influences the formation of nanostructures 

using all the above methods. The synthesis of nanostructured materials by the 

physical method involves the highest temperature (>350∘C), but in the chemical 

methods involve a temperature as usually less than the physical method. Under most 

circumstances, the fabrication of nanoparticles using in the green nanotechnology 

needs temperatures lower than 100∘C or room temperature. The temperature of the 

precursor reaction medium controls the nature of the synthesized nanostructures 

[109]. 

1.6. Semiconductor nanostructures: 

 Semiconducting nanoparticles have gained increased attention by cause of its 

size and shape dependent photo-physical and photochemical properties in various 

branches of chemistry, physics, and materials science, which differentiates it from the 

bulk semiconductor. These can adopt several structural geometries due to its 

electronic structure that can exhibit conductor, semiconductor, or insulator 

characteristics. The use of semiconducting nanostructure is in the interesting 

optoelectronic devices make it a special class of material. These nanocrystals have the 

technological potential for applications in various areas like as light emitting diodes, 

photo-detectors, lasers,[110] photovoltaic solar cells, [111] photocatalyst for water 

splitting or dye degradation [112, 113] and bio-medical field etc. [114, 115]. For 

example, most of the semiconducting materials are used as catalysts for the industrial 

applications such as an oxide as active phase, promoter, or "support''. There are 

various types of semiconductors with their band gap summarized in Table 1.2. 
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Semiconductors Bandgap energy (eV) 

Diamond 5.4 

Cu2O 2.172 

CuO 1.20 

ZnS 3.6 

TiO2 3.03 

SnO2 3.54 

ZnO 3.36 

CdSe 1.7 

WO3 2.76 

Si 1.170 

Fe2O3 2.3 

PbS 0.286 

PbSe 0.165 

ZrO2 3.87 

Ge 0.744 

CdS 2.42 

 

Table 1.2: Examples of some semiconducting nanostructures [116] 

1.6.1. Fundamental theory in a semiconductor: 

 The principal terms involved in a photoactive semiconductor are valence band 

(VB), conduction band (CB), band gap, traps sites and Fermi level. In the materials, 

the bands are the allowed energy states in which an electron can occupy. The highest 

energy band filled by an electron is known as valence band while the next available 

lowest empty energy level, next to valence band is termed as conduction band. 

Semiconductors are possessed clearly separated bands than in a metal. The energy 
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difference between the top of the valence band and bottom of the conduction band is 

termed as band gap energy (Eg). On the behalf of the band structure, band gap energy 

is classified are two types direct and indirect band gaps. For direct band gap 

semiconductors, the minimum energy state of the conduction band and the maximum 

energy state of the valence band occur at momentum k =0 (k is the wave vector) as 

shown in Figure 1.14 a [117]. Few examples for direct band gap semiconductors are 

ZnO, SnO2, SnS2, CdS. In case of indirect band gap semiconductors, the minimum 

state of the conduction band and the maximum state of the valence band are not at the 

same k value Figure 1.14 b [117] examples is ZnS. Ge, Si and GeS. The Fermi level is 

a probability distribution curve that represents a 50% possibility of locating an 

electron at a given energy level. For an n-type semiconductor such as ZnO, the Fermi 

level is close to the conduction band. 

 

Figure 1.14: Representation of band diagrams in semiconductors: (a) direct band gap, 

(b) indirect band gap. The vertical arrow symbolizes the photon absorption process, 

while the “•” and “◦” represent an “electron-hole” pair. The curving arrow in (b) 

represents the absorption or emission of a phonon. 

 

A semiconductor demonstrates the following processes on photo-illumination. 

The radiation of light have more energy compared to the band gap of the 

semiconductor then excite the electrons from the valence band to the next energy 

level conduction band leaving behind the same number of hole in the valence band 
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and generate one electron-hole pair which is known as exciton. The recombination of 

exciton must be prohibited for improved the photocatalyzed reaction. For example, 

ZnO is a wide band gap semiconducting material and hence yields e-h pairs on 

illumination with UV light (reaction 1.1). The presence of electrons (eCB¯) and holes 

(hVB
+) are responsible for the redox activities at the semiconductor surface. Photo-

generated eCB¯-hVB
+ pairs (excitons) are also delocalized in the semiconductor. These 

locations are called trap sites (et and ht). The eCB¯-hVB
+ pairs undergo fast 

recombination which results in decreasing the effectiveness of the semiconductor. The 

number of photo-generated electrons in ZnO is dictated by the ability of the 

surroundings to scavenge electrons and holes (reaction 1.2 and 1.3) and the 

recombination between the photo-generated e-h pairs (reaction 1.4).  

ZnO + hυ → ZnO (eCB ¯+ hVB
+)                                                                 (1.1) 

hVB
+ + H2O → OH• + H+                                                                            (1.2) 

hVB
+ + OH‾ → OH•                                                                                    (1.3) 

eCB‾ + O2 → O2
• ‾                                                                                        (1.4) 

The general mechanism of semiconductor photo-catalysis is represented in Figure 

1.15. 

 

Figure 1.15: Mechanism of Semiconductor photocatalysis 



Chapter 1 

36 

1.6.2. Quantization effect: 

The size of the semiconducting nanostructures materials which are comparable 

to its Bohr exciton radius [118] corresponds to the regime of quantum confinement, 

for which the spatial extent of the electronic wave function is comparable with the dot 

size. The exciton Bohr radius (aB) decide the electronic excitations in the microscopic 

and bulk semiconductor materials determined by the strength of Coulombic 

interaction of the electron-hole pair (e-h). Due to the geometrical constraints, electron 

ambiance the existence of particle boundaries and retort to modification in size of the 

particle by adjusting their energy (discretization of energy levels) as represented in 

Figure 1.16. This systematic mechanism is called as quantum-size effect and its well 

plays a very important role in quantum dots (QDs). As the particle size goes near to 

the exciton Bohr radius, the wave function of electron and hole are confined in 

nanoparticles and charge carrier (electron and/or hole) kinetic energy enhances. This 

is the major reason behind the changes in the absorbance edge to the higher energies 

with reduction in particles size called as blue shift in the absorption spectrum. 

 

Figure 1.16: Schematic exhibition of energy levels of bulk semiconductor and 

quantum dots. 
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 Semiconducting nanostructure materials exhibit distinctive size-dependent 

properties (quantization effect) that adjust its photochemical, photophysical, 

photochromic, optical and application [22]. Both the huge (e.g. ZnO, TiO2, SnO2 and 

WO3) and small band gap semiconductor (e.g. CdSe, CdS) show this property. 

Because of the quantization effect, the initiation of charge, separation, retention and 

transfer across a semiconductor and its surrounding is strongly concerned [119-121]. 

The existence of surface-bound species which include surrounding electrolytes, 

sensitizers like other semiconductors, metals and dyes play an active role in 

determining the mechanism of charge transfer taking place at the semiconductor and 

surrounding species interface. Irradiation of photons leads to charge separation in 

semiconducting nanostructures followed by electron and/or hole transfer to the 

surrounding dictated by the energetics of the system. Furthermore, defects or 

vacancies are created in the semiconductor largely due to the method employed for 

their synthesis. These defects play a vital role in controlling the photo-electrochemical 

and photocatalytic behavior of the semiconductor. 

 The abnormal physical and chemical behaviour of nanostructures are because 

of three main reasons. Primary the size of particles is equivalent to the Bohr radius of 

excitons in metal semiconductors. This controls the optical, luminescence, and redox 

properties of nanostructures. Secondly, the atoms present on the surface operate a 

considerable fraction of the total number of atoms of the nanostructures. And in the 

last, the comparable size of nanoparticles as the size of molecules. This measured the 

peculiarities of the kinetics of chemical process on the surface of nanostructures. To 

date, nanoparticles of ZnO, TiO2, Fe2O3, SiO2, MoS2, CdS, HgS, GaP, Cd3P2, BiI3, 

PbI2, and a number of other semiconductors have been synthesized and investigated. 

 



Chapter 1 

38 

1.6.3 Effective Mass Approximation:  

 The quantum size effects are understood on the basis of the effective mass 

approximation (EMA) [122, 123] and empirical tight-binding method (ETBM)[124, 

125] aside from the first principle calculations. 

1.6.4. The use of semiconductor nanostructures in photocatalytic processes: 

 Recent developments in wastewater treatment processes have to lead an 

improvement in oxidative degradation procedure for organic compounds dissolved or 

dispersed in aqueous media by photochemical or catalytic use of semiconductor 

nanostructures due to the decrease in the size of nanoparticles causes conduction and 

valence bands towards more negative and more positive potentials to controlling the 

redox properties of nanoparticles. They are generally referred to as Advanced 

Oxidation Processes (AOPs) and are considered to be alternatives to conventional 

water treatment processes [126-129]. Additionally, the fact that nanoparticles have a 

large specific surface area is of importance for carrying out photocatalytic processes 

on the surface of semiconductors. And finally, the small size of semiconductor 

nanoparticles can provide high efficiency of retention in recombination of light-

generated electrons and holes, thus increasing the probability of a photocatalytic 

process on the surface of the semiconductor. 

1.7. Zinc oxide: 

Zinc oxide (ZnO) is a non-toxic, low cast [130], direct wide band gap (Eg = 

3.37 eV) [131], n-type semiconductor [132] of II-VI group with large exciton binding 

energy (60 meV) [133] and 4.2 eV electron affinity [134]. ZnO nanoparticle generally 

has three structure zinc blend, hexagonal wurtzite and rock salt structure [135, 136] 

but at ambient condition only two phases i.e. cubic zinc-blende (ZB) and hexagonal 

wurtzite (HW) are stable. In these two thermodynamically stable nanostructures, each 
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cation is surrounded by four anions at the corner of tetrahedron and vice versa [137]. 

Though the nature of bonding of these tetrahedral coordination is covalent through 

sp3, hybridization in nature but noticeably ZnO possesses ionic characteristics. The 

ionic characteristics are lodging in between the covalent and ionic semiconductors. 

Under atmospheric conditions, wurtzite structure of ZnO is thermodynamically stable 

and the zinc-blende structure can be stabilized only by growth on cubic substrates, 

but the rocksalt (NaCl) geometrical structure is achieved at comparatively high 

pressures. Figure 1.17 represents the schematic of the ZnO crystal nanostructures. 

 

Figure 1.17: Crystal nanostructures of ZnO (a) rock-salt, (b) zinc-blende, and (c) 

wurtzite (d) Hexagonal wurtzite 

 

 The hexagonal wurtzite structure with lattice parameters a = 0.3296 and c = 

0.52065 nm, along with the parametric ratio c/a = 1.6 are goes to the space group of 

P63mc. The structure possesses a number of alternating planes of O2- and Zn2+ ions 

which are coordinated tetrahedrally and stacked along the c-axis. The tetrahedral co-

ordination results in the non-central symmetric structure of ZnO and consequently 

leads to piezoelectricity and pyroelectricity [138]. Furthermore, ZnO has polar 

surfaces and the basal plane is the most common surface. 

 In reference of the semiconducting binary oxide nanostructures, ZnO 

nanomaterial’s are good candidates for the creation of various functional devices, due 

to of their potential stability over an extensive range of temperature, outstanding 
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oxidation resistibility, high electron conducting, good biocompatibility and low 

toxicity [139]. Now a day, several types of ZnO nanostructures comprising 

nanoparticles, nanorods, nanowires, nanopenciles, nanotubes, nanosprings, nanocups, 

nanocoils, etc. have been prepared and used in the expansion of field-effect 

transistors, lasers, light emitters, solar cells and gas sensors. Based on the 

piezoelectric property, an array of 1D ZnO nanostructures have been used to develop 

nanogenerator [140]. Similarly, the biocompatibility and low toxicity of ZnO 

nanostructures have led to the development of new generation biosensors [141].  

 In addition, the numerous 1D nanostructures of ZnO, owing to the good 

electrical conductivity, high aspect ratio, high mechanical stability, excellent 

oxidation resistance, and ease of synthesis, have been extensively investigated as field 

emitters [142]. 

1.8. ZnO-ZnS composites: 

 Zinc sulfide (ZnS) is also very well-known non-toxic nanostructure materials 

with two naturally existing nanostructured phases, first, the zinc blende (sphalerite) 

structure contain cubic phase and secondly the wurtzite structure contain a hexagonal 

phase. In both the structures, each anion is surrounded by four cations at the corners 

of a tetrahedron, and vice versa. The band gap energy of both the structural phases of 

ZnS nanostructure are different such as bulk cubic and hexagonal phases are 3.54 eV 

and 3.80 eV respectively [143]. Many of the researchers investigate the ZnO-ZnS 

nanocomposites materials in which “hexagonal ZnO and cubic structure of ZnS 

nanoparticles” were crystallized to each other to form ZnO-ZnS nanocomposites 

materials [144, 145]. Recently P. Verma et al. demonstrated that a two-step synthetic 

method based on the solution-based was applied for the fabrication of the ZnO/ZnS 
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core-shell nanocomposites materials and they are concluded that the growing of the 

ZnS nanoparticles on the surface of the ZnO nanostructures [146]. 

 In the present study zinc oxide-zinc sulphide nanocomposites materials are 

mainly synthesized to change the band energy as well as modify the surface area of 

the zinc oxide nanoparticles by the incorporation of sulphide ions in the lattice of the 

ZnO NPs and used as a good catalyst for the removal of organic dye and wastes from 

the waste water and also to improve the optical properties. 

1.9. ZnO/ZnS/α-Fe2O3 nanocomposites:  

 In the recent study, iron oxides are found in various form in the nature such as 

magnetite (Fe3O4), maghemite (γ-Fe2O3) and hematite (α-Fe2O3) [147]. This is most 

common metal and semiconductor nanostructures materials and these have 

magnetized more consideration from both basic science and materials science.  

In the current study, ZnO/ZnS/α-Fe2O3 materials are the tertiary composite 

materials. These can be synthesized by the incorporation of ZnS and α-Fe2O3 in the 

synthesized ZnO nanoparticles. On the synthesis of these tertiary composites 

materials, they have provided new prospects to reduce the narrow efficiency of 

photocatalysts and photovoltaic devices. Incorporation of some new metal into 

semiconductors materials to enhances the efficiency of the photocatalytic activity 

towards degradation of dyes and toxic organic contaminants. 

1.10. Literature review:  

 Dodd et al. [148] reported the consequence of cobalt and magnesium doping, 

on the photocatalytic performance of nanostructure of zinc oxide. The 

mechanochemical process was adopted for the fabrication of controlled size, nominal 

agglomeration, and moderate chemical composition of zinc oxide nanomaterials. The 

photocatalytic performance of the particles was observed by applying spin trapping 
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analysis along with electron spin resonance spectroscopy. It was obtained that the 

addition of cobalt oxide declined the yield of photo-produced hydroxyl radicals. In 

compare, zinc oxide doped with manganese oxide was obtained to substantially 

enhance the rate of radical formation. 

Y.L. Wu et al. [149] were synthesized nano-structured ZnO samples by 

adopting colloidal alcoholic solutions of zinc acetate dihydrate through the colloidal 

process. Those were used five kinds of capping agents such as 3-aminopropyl 

trimethoxysilane (Am), tetraethyl orthosilicate (TEOS), mercaptosuccinic acid (Ms), 

3-mercaptopropyl trimethoxysilane (Mp) and polyvinylpyrrolidone (PVP). These 

capping agents were added at during the first precipitation of ZnO to handling the 

growth of particle. The former three capping agents excellently capped the ZnO 

nanomaterials and controlled the particles growth, latter the two capping agents 

initiated larger clusters in the reaction medium. ZnO materials were fabricated in 10-

30 nm in size after capping and expand up to 60 and 100 nm in 3 and 6 weeks, 

respectively, during storage at room temperature. In reflexing, the only first 

precipitation was affected. Washing was completed by several time with water and 

finely with ethanol. The optical properties of the ZnO nanostructures materials were 

investigated by photoluminescence spectra. The high-intensity emission in UV region 

and low intensity of visible emission was shown and predicted that a good surface 

morphology of ZnO nanostructures with meager surface defects. The spectrum of 

optical absorption points out that a blue shift by the capped ZnO due to the quantum 

confinement influence by the single crystal size of 5-6 nm as also examined by TEM. 

 H. Wang et al. [150] demonstrated that ZnO nanostructure with several size 

diameter scales such 10, 50, 200 and 1000 nm have been fabricated by two dissimilar 

preparation procedures first thermal evaporation method and second chemical 
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deposition method. The photocatalytic application was observed for the decolorization 

of methyl orange organic dye stuff in aqueous solution under illumination of UV 

light. ZnO nanoparticle fabricated via thermal evaporation technique along with 50 

nm size exposed the maximum photocatalytic efficiency comparison to the ZnO 

synthesized via a chemical deposition process. They also reported that the tetrapod 

ZnO nanostructures had the maximum efficiency than bare ZnO nanostructures. This 

research indicates that the synthesis method was the significant factor rather than size 

and morphology. 

 Takuyu Tsuzuki et al. [151] provided the awareness of compact photocatalytic 

performance of ZnO nanostructure by doping with former transition metal 

manganese. As the powerful ultraviolet radiation is affecting major skin cancer harms 

and enhanced degradation of harmful waste such as plastics, textiles, paints, timbers, 

and dyes, ZnO nanopowders are deliberated to be one of the most promising UV 

hindering agents due to their broad UV absorption spectrum, low production cost and 

low toxicity. However, the characteristic photocatalytic performance of ZnO inhibits 

the use of ZnO nanoparticles in many applications. 

 M. K. Lima et al. [152] described that the pure and Co-doped ZnO 

nanoparticles manufactured with average crystallite size via sol-gel method using 

water as a solvent. The accumulation of cobalt ions (1-10 mol %) in the lattice of ZnO 

without altering its structure. The average particles size do not screening the 

significant alterations with the upsurge of the dopant level. However, the alteration in 

the band gap energy diverges from 2.98 eV of pure ZnO to 1.95 eV by doping 10 % 

of cobalt ion. The photocatalytic performance of the material was appraised on the 

reduction of methylene blue under visible light illustration, which exposed dropping 

in the photocatalytic proficiency by Co-doping ZnO. 
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 R. Saleh and N. F. Djaja [153] exposed that transition metals like Mn and Co-

doped ZnO nanoparticles were fabricated via co-precipitation method. The fabricated 

nanostructure substances were appraised via X-ray diffraction for the phase purity, 

scanning electron microscopy for the morphological examination, energy dispersive 

X-rays for elemental composition, FTIR spectroscopy, ESR spectroscopy and DRS 

techniques for the appraisal of band gap energy of the fabricated ZnO materials. The 

photocatalytic utilization of the doped ZnO nanostructure was estimated in the photo-

decolorization of methyl orange dye stuff under UV irradiation. The 12 at. % of Mn 

and Co ions contaminated ZnO nanoparticles disclosed that the maximum efficiency 

of photo-degradation. These photocatalytic consequences showed owing to the 

localized electronic states of the contaminated materials worked as charge carrier 

traps for photo-produced charge carriers in UV light irradiation. The experimental 

testing also proved that the photo-degradation proficiency of Mn contaminated ZnO 

was progressive compared to the Co contaminated ZnO nanostructures which 

specified that various types of transition metals compromise a different way to entrap 

charge carriers and prolong the period of electron and hole due to the incorporation of 

contaminants in the ZnO lattice may not occupy the same position. 

 I. Prabha and S. Lathasree worked for the synthesis of nano-ZnO, TiO2 and 

ZnO-TiO2 composite nanostructures by a well-known sol-gel technique and were 

tested as photocatalysts for the amputation of phenol by the photocatalytic 

degradation method [154]. The experimental evaluation indicates that the 

development of agglomerated nano size ZnO nanoparticles having a common wurtzite 

phase of the size 17.5±5 nm and nano-TiO2 has anatase phase of homogeneous 

particles size of 15.7±5 nm with the spherical morphological shape. In the synthesis 

of nano-ZnO-TiO2 nanocomposite materials, the particles are of bigger agglomerates 
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being ingrained indoors with a particle size of 11.6±5 nm. The photocatalytic testing 

of all the prepared materials nano-ZnO, TiO2 and ZnO-TiO2 composite nanostructures 

was assessed by adopting phenol compound in the incidence of UV light and sunlight 

as the radiation source. The authors also reviewed the impact of initial pH, initial 

catalyst amount and finally the concentration of phenol compound. The kinetics of the 

removal of phenol compound was established to follow pseudo-first-order and the 

experimentally observed that the nano-ZnO, TiO2 and ZnO-TiO2 composite 

nanomaterial’s was effective photo-catalysts for removal of phenol in UV light 

irradiation. The further analysis of the total organic carbon directed the whole 

mineralization of phenol compound in the existence of nano-ZnO, TiO2 and ZnO-

TiO2 surface. 

 Y. Sivry et.al. [155] defined the miscibility impression of organic coated and 

uncoated ZnO nanoparticles in the physicochemical process along with natural high 

carbonated water. The rate of transformation of materials was examined by virtue of 

Donnan Membrane approach for obtaining the Zn2+ ion concentration and 

ultrafiltration for measurement of bound of Zn2+ and Zn to the small organic ligand 

and modeled with VMinteQ. From the XPS measurements, it was proved that 

presence of bare nanostructures of a Zn(OH)2 layer account for at least 22% of total 

Zn. It was proved that Zn(OH)2 formation in the reaction phase is highly miscible 

compare to the ZnO nanoparticles and might control the formerly dissolution steps of 

noncoated nanoparticles in the reaction medium. Surely, the noncoated nanoparticles 

show a quick (<1 h) dissolution stage attainment 19 μM Zn in the reaction solution 

(<1% of the total precursor zinc content). Comparison to the non-coating 

nanoparticles, organic coated nanoparticles gradually release zinc during the former 
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first 48 h, to lastly reach a maximum of 197 μM (10% of whole Zn), which is 10 

times the greatest value dignified for noncoated nanoparticles. 

 K.C. Barick et al. [156] reported for the fabrication of water-dispersible ZnO 

nanoparticles via a fluent soft-chemical method by adopting cationic surfactant and 

shape-directing agent as cetylpyridinium chloride (CPC). They were announced that 

the size of ZnO nanostructures was strongly affected on the addition of shape 

directing (surfactant) agent. They were shown that in the existence of CPC surfactants 

mostly pyramidal-shaped ZnO nanostructure developed in 10-20 nm size, whereas in 

the absence of surfactant only roughly spherical nanostructure of ~10 nm was formed. 

These prepared ZnO nanoparticles show good stability in aqueous solution which is 

most important for their photocatalytic behaviour. Optical testing proved that the 

quantity of CPC reins both band gap and emission strength of photoluminescence 

study revealed the defects in the ZnO particles. Further, the authors have explored the 

photocatalytic examination of ZnO nanomaterial’s adopting MO and MB dye as 

pollutant. This study was also proved that the defect on the surface of ZnO was 

strongly affected the catalytic decolourization of organic dyes. The complete 

decolourization of dye via ZnO photocatalyst was further entrenched from the 

valuable decreasing in chemical oxygen demand (COD) values. The photocatalytic 

effectiveness of these catalyst was further influence by changing the deferent 

parameters like as nature and extent of dye along with photocatalyst. More ever, these 

nanostructures was further recycled as catalyst for decontamination of pollutants in 

the existence of UV light irradiation. 

 S. Mohammadzadeh et al. [155] synthesized ZnO-Ag (x varied range in the 

Zn1-xO-Agx chemical content) composites materials by a modified chemical method 

such as microwave-assisted solution combustion process. The photocatalytic 
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application of that ZnO-Ag composite material was examined by reduction of Acid 

Blue 113 in illumination of UV light in a semi-batch reactor. That experimental 

investigation proved that ZnO-Ag composites have displayed more photocatalytic 

efficiency than bare ZnO nanoparticle fabricated via the same way. That improved 

photocatalytic performance was owing to the reduction in recombination of 

photoproduced electron and holes (exciton). Further investigation proved the 

upgrading photocatalytic behavior of ZnO along with an ideal doped quantity of Ag 

(3.5 mol %). That research was testing the chemical parameter like as pH, the extent 

of catalyst and dyes concentration. The byproduct which was achieved throughout the 

photocatalytic process was explored via LC/MS technique and reaction pathway was 

well developed. The reaction rate was also testifying and observed the first order 

reaction of decolorization of dye. 

 J. Choina et al. were synthesized zinc oxide (ZnO) nanoparticles of various 

sizes by using two different solvents like as water and ethanol through chemical co-

precipitation method [157]. The application was examined for the reduction of low 

concentrated pharmaceutical tetracycline and ibuprofen through photocatalytic 

technique by using few quantity of catalyst to substrate mass ration. In that 

investigation, the authors also evaluated the influence the pH and the concentration of 

catalyst and drug along with the impact of adsorption. The production of 

intermediates has been examined through the electrospray ionization-time of flight-

mass spectroscopy. The synthesized catalyst (ZnO) is very well known to indorse the 

development of reactive •OH radicals and therefore is of exceptional curiosity for the 

remediation of wastewater form pharmaceuticals by the photocatalytic pathway. 

According to that research, only small nanoparticles are much more energetic than the 

bigger one because of the high specific surface area and adsorption process. 
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Remarkably, adsorption of drug pollutants on the surface of ZnO catalyst is obviously 

upgraded at low concentration (<5 ppm), prominent to the diverse photo-degradation 

performances, compared to ppm concentrated solution. 

 A. Behzadnia et al. [158] was effectively photo sonosynthesized and 

sonoimmobilized a novel composite photocatalyst materials on the wool fabric of 

nonmetal/metal duplex-doped N-Ag/ZnO nanocomposites of the honeycomb-like 

structure under atmospheric pressure and low temperature by using precursor zinc 

acetate for zinc and silver nitrate for silver metal. The insertion of silver and nitrogen 

in the sonosynthesized nano size ZnO materials to upgrade its photocatalytic 

properties. The standardized dissemination of honeycomb-like composites on the 

wool fiber surface was evaluated by electron microscope such as SEM with electron 

dispersive X-rays. The existence of silver metal with crystal size 54 Å was proved by 

the X-ray diffraction characterization method in the photo sonotreated materials with 

duplex-doped metal and nonmetal ZnO composite materials. The creation of defect in 

the synthesized composite was investigated by XPS technique and the Ultraviolet-

blocking was obtained by reflectance spectra in the 200-800 nm range. Another 

properties of that sonoloaded wool composite materials was shown as excellent 

antibacterial and antifungal activity. On changing the concentration of precursor of 

both the metal ion, the possessions of the composite materials was diverse. 

 Ilyas Unlu et al. [159] discussed in our research for the relevance of the easily 

available and synthesizable ZnO nanoparticles materials and own synthesized ZnO 

composites with a monolayer-protected gold nanoparticles (AuNPs) via ozone treated 

and annealed process. For the fabrication of ZnO composite, dithiol was used as a 

surfactant for possible bonding of its functional groups to both gold and zinc oxide 

surfaces. The formulated composite was usage as a catalyst for the decolourizarion of 
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rhodamine B dye pollutant. The result was indicated that the ozone treated composites 

materials were not more effective for adequately decolourization of dye pollutants. 

However, annealed composites materials at 300 ºC which decay maximum ligand but 

reduce the agglomeration of AuNP that shown to enhance the photocatalytic 

efficiency for the photo-oxidation of the aqueous polluted rhodamine B than pure 

ZnO along with composite materials which was annealed at higher temperature. In 

that research, one thing was very interesting that was the optical effect of ozonation 

and annealed composite catalyst. The authors detected that the photoluminescence 

spectra, the strength of UV and visible emission peak was reduced due to the 

quenching by the AuNP in the annealed composite of AuNP/dithiol/ZnO. However, 

they were obtained that the visible peak due to the existence of the surface defect was 

influenced by a much lower magnitude. 

 Md A, Subhan et al. [160] prepared a novel tertiary metal nanocomposites 

oxide materials of Ag2O/CeO2/ZnO by chemical co-precipitation method from their 

precursor metal nitrates through annealation at 400 ºC for 5 h and 600 ºC at 4 h. That 

prepared tertiary composite material was illustrated by well-known spectroscopic 

technique. As per X-ray diffraction analysis, it was proved that Ag2O/CeO2/ZnO 

nanocomposites were pure and its crystalline size was various in 19-111 nm range 

with the size of 50 nm which well shown in SEM images in a good arrangement. The 

application of these composite was used as a photocatalyst and anti-bacterial 

performance. The tertiary composite materials showed an exceptional photo-

degradation of dye. 

 M. Ben et al. [161] adopted a simplistic and economical single-step 

hydrothermal process for the preparation of Zn2SnO4/reduced graphene oxide 

(ZTO/rGO) composite by choosing the salt precursor of metals and graphene oxide 
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respectively with reducing agent as sodium hydroxide. In that hydrothermal method 

formally reduced graphene oxide and then successfully grown ZTO nanostructures on 

the sheet of it. The morphological and structural investigation of ZTO/rGO composite 

indicate that the interfacial contact of ZTO particles and rGO and well adequate 

distribution of ZTO nanostructures on the surface of the sheet of rGO. The application 

of that prepared nanocomposite materials was invested for the minimization of 

rhodamine B in the illustration of visible light. That ZTO/rGO nanocomposites 

materials shown an excellent photocatalytic behavior comparison to the ZTO 

nanostructures materials with complete reduction of rhodamine B within 15 min. That 

improved photocatalytic activity of ZTO/rGO was proved due to the exceptional 

electron trapping and efficient adsorption behavior of rGO and hinder the rate of 

recombination of photo-produced charge carriers in ZTO. 

 K. Chakraborty et al. [162] were first reported for the reduction of graphene 

oxide for the fabrication of reduced graphene oxide (rGO) via the photocatalytic 

method in an aqueous solution of ZnS along with Graphene oxide for the formation of 

reduced Graphene oxide-zinc sulfide (rGO-ZnS) nanocomposites. In that preparative 

method, they explained that Graphene oxide accepted the photo prompted electron 

from ZnS. The reduction procedure was well proved by several characterization 

techniques such as XRD, FTIR and Raman spectroscopy. The utility of that composite 

was investigated for the photoreduction of rhodamine B contaminants and proved that 

the rGO-ZnS composite materials shown improved photocatalytic properties than 

pure ZnS materials under illumination of UV light. The enhancement of 

photocatalytic utility of rGO-ZnS composites was owing to the synergetic effect 

matching the conduction band of ZnS to the functioning conducting rGO. The 
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recycled composite materials did not markedly influence its photoreduction 

effectiveness and its crystalline structure. 

 K. P. Raj and K. Sadayandi [163] prepared ZnO nanostructures in aqueous 

solvent via chemical process and conclude the impact of calcination temperature on 

the ZnO NPs and presence of strain. From the view point of optical consideration, 

they were observed and suggested that the decrease in band gap and enhancement of 

photoluminescence spectra was due to the perfection in crystallinity and quantum 

confinement effect. 

 M. Gancheva et al. [164] adopted three synthesis process such as precipitation, 

tribophysical treatment and finely sonication for the formation of ZnO particles of 

several morphological structures. Application of ZnO was examined by the reduction 

of aqueous malachite green in the illumination of UV and visible light. ZnO materials 

achieved by precipitation process displayed superior photocatalytic behaviour under 

illumination of visible light because of its high surface area and low band gap energy. 

 T.K. Jana et al. [165] prepared CdS/ZnO composites of various morphological 

engineering by using the different precursor ration in the simplistic chemical method 

and studied the growing the behavior of the materials. The prepared CdS/ZnO 

composite materials examined for the photoreduction of rhodamine B dye in the 

irradiation of visible light and result was shown the best catalytic presentation arises 

in 1:1 ratio of nanocomposite materials. 

 Haitao Zhao et al. [166] fabricated Zn0.5Cd0.5S/WS2 nanocomposites materials 

with the various quantity of Zn0.5Cd0.5S solid solution dropped on the surface of WS2 

by a hydrothermal process via using thioacetamide as a precursor for the sulfur ions. 

The valence of the element and chemical composition of composite materials were 

inspected by applying XPS characterization technique. The photocatalytic behaviour 
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of Zn0.5Cd0.5S/WS2 composite was experienced for H2 extraction from the water. The 

determined rate of H2 removal was found for composite materials under illumination 

of visible light is 6 times greater than Zn0.5Cd0.5S. 

 Q. Tian et al. [167] reported flower shaped MoS2 NPs contain ultra-thin MoS2 

sheet was fabricated via the hydrothermal process. The p-n heterostructure of 

MoS2/ZnO was obtained by coating n-type ZnO NPs on the surface of MoS2 NPs. The 

photocatalytic effect for dye deduction and efficiency after the ZnO coating was 

examined respectively. The outcomes proved that coated ZnO NPs has play positive 

effect on the photodegation application but a negative effect on adsorption ability of 

the MoS2/ZnO heterostructures. 

 M. Duan et al. [168] studied the glass-ceramics of Sn-doped ZnO materials by 

successfully fabricated through traditional quenching and later heating process. The 

morphological changes occur from varying the doping concentration from spherical to 

dumbbell-shaped. They have observed that Sn-doped ZnO displayed the enhancement 

into near and middle-infrared absorption due to the generation of localized surface 

resonance. That conclusion showed that glass-ceramics covering Sn-doped ZnO 

nanostructure have capabilities for energy capture. 

 M. Mitra et al. [169] produced aluminium doped ZnO structure by adopting 

oxidative polymerization of polyaniline (PANI) in the presence of different weight % 

aluminium doped ZnO nanorods, prepared via sol-gel method. Among several 

materials, the 22 weight % aluminium doped ZnO polyaniline hybrid shown the finest 

photocatalytic behavior for photodecolorization of methyl orange (MO) and rose 

bengal (RB) under the illumination of visible light, even after reused. The 

photocatalytic proficiency was observed the first order kinetics for both the dye. 

Scavenger test was used to define the character of active species and proposed 
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mechanism. The upgrading of the photocatalytic concert may be because of the 

efficiency of charge parting and synergetic effect between the organic conductor 

PANI and inorganic semiconductor aluminum doped ZnO nanostructures. 

 M. M. H. Farooqi and R. K. Srivastava [170] have obtained ZnO 

nanostructure via annealation of ZnS prepared by solid-state reaction approaches at 

various temperature. The annealed temperature was 600 ºC at 3 h for the alteration of 

ZnS to ZnO nanoparticles. From XRD analysis shown that the renovation of cubic 

zinc sulfide nanoparticles into the zinc oxide nanoparticles in the hexagonal phase 

after the annealed at 600 ºC. On observing the UV-vis spectra a blue shift seemed in 

the spectrum of ZnO nanoparticles than their bulk counterparts. The band energy 

diverges from 3.12 eV to the 3.07 eV that also indicates the conversion of ZnS into 

the ZnO nanoparticles. That prepared sample was shown a good photoconducting 

properties. 

1.11. Objective of present work: 

 Keeping above properties and application of semiconducting NPs and 

composite, in mind author carried out and further extend the research work on 

semiconducting materials. 

The main aim and objectives of this research work include 

 Chemically synthesise semiconductor nanoparticles involving the process such 

as solution methods, co-precipitation methods and sonochemical method as 

well as some novel proposed wet chemical methods. 

 Characterization of the nanomaterial’s by XRD, EM (SEM, TEM) 

spectroscopic optical, magnetic etc techniques to determine their phase, 

crystallinity size and morphology. 

 Application of these synthesized semiconducting materials including 

photocatalysis for the remediation of organic pollutants in waste water. 
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Chapter 2  

Characterization technique, materials and methods 

 

“This chapter introduced some important characterization techniques which 

are used for the investigation of the nanoparticles/nanostructures and 

nanocomposites materials. The crystal structure, phases with lattice strain and purity 

of the materials are examined by X-ray diffraction, morphology and particle size 

distribution investigated via scanning electron microscopy and transmission electron 

microscopy. Optical properties and surface behaviour of particles are appraised 

through photoluminescence spectroscopy and BET surface area analyzer. The brief 

outline of instrumentation and application of these characterization techniques are 

discussed in brief in the present thesis.” 
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2.1. General experimental methods and techniques 

All the basic materials employed in the fabrication of nanostructures were of 

analytical grade, purchased from Merck India and Fisher Scientific (India) chemicals 

and were used without further purification. The details of the general tentative 

method, accepted analytical processes, materials required, application for the 

photocatalytic process, and estimation of optical aptitude are defined in this chapter. 

2.2. Materials Required: 

 Zinc (II) sulphate heptahydrate (ZnSO4.7H2O), zinc nitrate hexahydrate 

(Zn(NO3)2.6H2O), urea (NH2CONH2), thiourea (NH2CSNH2), ferric hydroxide 

(Fe(OH)3) (anhydrous), Iron (II) sulphate heptahydrate (FeSO4.7H2O), copper 

chloride dihydrate (CuCl2.2H2O), glycine (C2H5NO2), sodium hydroxide (NaOH), 

congo red, rhodamine B, methyl orange, methylene blue, and double de-ionized 

water. 

 
Congo red 

 

Rhodamine B 
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Methyl Orange 

 

Methylene Blue 

2.3.  Analytical methods for characterization: 

2.3.1.  Powder X-ray diffraction (P-XRD) or crystallography: 

 X-ray powder diffraction (P-XRD) is a potent non-destructive analytical 

technique and most common for investigations of physical and chemical features of 

large counterpart along with nanostructure material, how the array of atoms in the 

crystalline phase and what the interatomic distances and angles are, etc. It also 

endows the evidence about preferred crystal orientations, phase and other structural 

constraints such as average particle size, crystallographic unit cell, crystal defects and 

crystallinity [1, 2]. In this characteristic technique, a beam of accelerated electrons 

colloid with metal target to produce X-rays. In this procedure an inner electron from 

metal atom is ejected and generate vacancy, suddenly an outer shell electron moves 

down to fill the vacancy and emit X-ray. X-rays have wavelengths in an angstrom (Å 

=10-10 m) which is the characteristic range of distance of inter atoms in crystalline 

solids. The beam of X-ray have similar wavelength that interacts on a material (single 

crystal or amorphous powder) of the nanostructures under investigation. The image of 

the X-ray diffraction is shown in Figure 2.1. 
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Figure 2.1: Image of XRD instrument 

X-ray diffraction is the outcome of the interaction among the X-rays and inner 

electrons of atoms. On the behalf of the arrangement of atoms, the retardation 

between the scattered rays is profitable when the path between the two diffracted rays 

is different from an integral number of wavelengths. This discriminatory situation is 

illustrated by the Bragg equation given in equation. (2.1) and is termed as Bragg’s law 

[3]. 

2 sinn d           (2.1) 

Where n is an integer quantity, λ is the wavelength of X-rays, d is the space between 

the planes in the atomic lattice and θ is the diffracted angle between the X-ray and the 

atomic planes. Schematic representation of X-ray diffraction and scattering of rays 

from different planes is shown in Figure 2.2 
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Figure 2.2: Schematic representation of X-ray diffraction and scattering of rays from 

different planes, in the same direction, make constructive interference. 

 

This law represents a relationship between the wavelength of incident X-ray, 

diffraction angle and the lattice distances in a crystalline material. The diffracted X-

rays from the material are then perceived, refined and counted. By scanning the 

material through a range of 2θ angles, all possible diffraction directions of the lattice 

should be obtained because of the random orientation of the powdered sample. 

Conversion of the diffraction peaks to d-spacing allows identification of the sample 

because each sample has a set of unique d-spacing. Typically, this is obtained by the 

evaluation of d-spacing with joint committee on powder diffraction standard 

(JCPDS).  

Applications: 

1. The mean size of the crystalline  materials can be calculated by adopting the 

full-width half maxima (FWHM) of the diffraction peaks by applying the Scherer’s 

equation [4] given by, 
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0.91

cos
D



 
                                                                                                           (2.2) 

Where 0.91 is the value of the shape factor, ‘λ’ is the wavelength of X-rays which is 

1.5406 nm for CuKα, ‘β’ is the FWHM of diffraction peak measured in radians and 

‘θ’ is the Bragg’s angle. 

2. The bond length (L) and volume (V) was calculated from the unit cell for 

prepared materials with the help of eq [5] 
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Where a and c are lattice parameter are determined by the following expression [6] 
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                                                                                      (2.6) 

3. The microstrain (ε) is present in the materials are also calculated by using the 

following relation [7] 

cos

4

 
                                                                                                                 (2.7) 

4. The dislocation density (δ) in the nanoparticles was estimated Williamson and 

Smallman’s equation [8] 

2

n

D
                                                                                                                  (2.8) 

Where n is a constant usually close to one. 

 In the present exploration of the synthesized bare and composites of ZnO 

nanoparticles were characterized by X-ray powder diffraction (XRD) using Analytical 

Rigaku High-Resolution Powder Diffractometer 12kW X-ray diffractometer (𝜆 = 
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1.5406 Å) in the 2𝜃 range of 20-80˚ with scan rate of 10/min using Cu K𝛼 radiation 

(40 KV). 

2.3.2.  Transmission electron microscopy (TEM): 

 Transmission electron microscopy (TEM) is a microscopic and powerful 

technique first developed in the 1930’s for obtaining information on morphology [9], 

size, crystal structure and defect structure of the crystalline materials. It’s a direct and 

most important technique for imaging the nanostructure materials. The energy of 

electron for imaging and diffraction pattern decided by de Broglie wavelength λ = h/p, 

where, h is Planks constant and p is the momentum of the electron. In the 

experimental process a thin sample, typically less than 200 nm, is bombarded by a 

high energy level (few hundreds keV) and focused electrons of very short wavelength, 

emitted from a tungsten filament at the top of a cylindrical column of about 2 m 

height [10, 11]. This bombarded electron can scatter or backscatter elastically or 

inelastically, or produces many interactions, such as X-rays or Auger electrons. 

Elastic scattering occurs when the incoming fast electron and an atomic nucleus 

interact while inelastic scattering results from the interaction between the fast electron 

and atomic electrons (Figure 2.3). An image is formed from the electron transmitted 

through the sample; the image is stretched and focused onto an imaging device such 

as a fluorescent screen or on a layer of photographic film and detected by a sensor 

such as a CCD (Charge coupled device) camera. The back scattered electrons give 

diffraction pattern to obtaining the information of the structure of materials, including 

perfect crystals and defect structures. The preference of electron diffraction over other 

methods, e.g., X-ray or neutron are due to the generation of extremely short 

wavelength (~ 2 pm), the strong atomic scattering, and the more capability to 

scrutinize insignificant volumes of matter (~ 10 nm) [12]. 
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Figure 2.3: Schematic represent the formation of elastic and inelastic scattering of 

electrons. 

 

Figure 2.4 shows an image of the instrument and systematic ray diagram of a 

TEM. The electron beam is generated by the electron gun (electron source) and 

confined through the condenser lens, passes the condenser aperture and strikes the 

sample. Because the sample is ultra-thin, most of the unscattered electrons are 

transmitted through the material with some undergoing deflection as a result of elastic 

scattering and inelastic scattering. The unscattered and scattered electrons are then 

recombined through the objective lens forming either a first intermediate image or a 

diffraction pattern in the back focal plane. The image or the diffraction pattern will be 

further magnified by the intermediate lens. By altering the projector lens, the enlarged 

image or diffraction pattern will be focused and projected on a fluorescent screen or 

recorded on a digital (CCD) camera. 
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Figure 2.4: Image of TEM instrument and schematic representation of the electron 

beam. 

 

TEM microscopic technique has the dominance over the other technique 

because this one can not obtain the images of the sample only but diffraction patterns 

also, which enable to make the detailed crystal structure analysis of the sample. Using 

diffraction analysis one can find out size-dependent changes in the lattice parameters, 

defects etc. in the sample. Moreover, it is also possible to analyze single particles of 

very small (nanometer) dimension. 

High-resolution TEM (HRTEM) is capable of providing atomic resolution 

lattice images. In case of HRTEM, the images are found because of the phase 

difference in scattered electron waves through a thin specimen. The emergence of 

HRTEM has allowed the direct reconstruction of Bragg differential electron beams to 

create interference patterns [13]. 

In the present study, the morphology and particle distribution of the 

synthesized bare and the composites of ZnO and ZnS nanoparticles were examined by 

transmission electron microscope (TEM) using JEOL JEM 200 CX high-resolution 

transmission electron microscope. 
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2.3.3. Scanning Electron Microscopy (SEM): 

 The SEM is also a most frequently used microscopic characterization 

technique that applied a beam of electrons to obtain a high enlargement of three-

dimension images for morphological and topographical studies of materials and 

surfaces on a micrometer and sub-micrometer scale. It can also provide information 

about the elemental composition of a sample by the other additional part of this 

technique known as electron dispersive X-ray spectroscopy (EDX). A schematic 

diagram of SEM is shown in Figure 2.5.  

 

Figure 2.5: Image of SEM instrument and schematic representation of the electron 

beam. 

 

In the experimental process the electron beam of high intensity generated from 

an electron gun [14, 15], pass through electromagnetic lenses and hits a point on the 

sample, the molecules in the material are excited to high energy levels, because of the 

number of effective collisions between the generated electron beam and atoms in the 

molecules of material will occur, which causes to production of secondary electron. 

Mainly secondary electrons are created by the inelastic interactions between incident 

electrons and weakly bound conduction-band electrons in the atoms of the sample. 

Secondary electrons possess very small kinetic energy (5 eV). Hence, the average 
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distance that a secondary electron travels in the solid is less than 2 nm. Apart from 

secondary electrons, backscattered electrons, characteristic X-rays and various energy 

of photons are also produced [16] (Figure 2.6).  

 

Figure 2.6: Schematic of the interaction between incident electrons and specimen. 

Backscattered electrons are generated by elastic interaction (deflecting angle > 

90) between incident electrons and the nucleus of the atoms in the sample. High 

energy backscattered electrons can penetrate deeper than secondary electrons in the 

solid sample. The penetration depth is strongly dependent on the specimen’s atomic 

number (Z), decreasing with increasing Z (Figure 2.7). 

 

Figure 2.7: Schematic showing dependence of the interaction volume and penetration 

depth as a function of atomic number Z of the incident (primary) electrons. 

 

These secondary as well as backscattered electron have comparatively low 

energy and can conveniently gather by the detector. The detector tallies the number of 

electrons released from the specimens and resulting pattern produces a three-
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dimensional image of the morphology and topography of the sample on the screen of 

the detector. Compositional analysis of a material may also be achieved by observing 

X-rays produced by the interaction of electron and specimen interaction. Scanning 

takes place at a lower pressure so that the electrons are not scattered by gas molecules 

inside the chamber. 

 In this recent morphological examination of prepared bare as well as 

composites of ZnO and ZnS nanomaterials, scanning electron microscope (SEM) 

images was obtained by using JEOL JSM 6610 at 20 kV. 

2.4. Spectral characterization: 

2.4.1. UV-Visible spectroscopy: 

 Ultraviolet-Visible spectrophotometry (UV-vis) is commonly known as 

absorption or reflectance spectroscopy and shows its absorbance in the ultraviolet-

visible spectral region. Among all spectroscopic techniques, it is the most simple and 

frequently used to govern the electronic structure of the free-form and colloidal form 

of nanostructured materials. This technique is correlative to the fluorescence 

spectroscopy, in that fluorescence measures spectroscopic transitions from the excited 

state to the ground state, at the same time absorption deal with transitions from the 

ground state to the excited state. When electromagnetic radiation passage over the 

free or colloidal form of material, a fraction of radiation absorbed, by virtue of energy 

absorption, atoms or molecules excited from ground state to the first excited state 

giving absorption spectrum. The fraction of radiation that is absorbed has energy 

equal to the path difference between the ground state and the first excited state called 

it as band gap energy. If the energy of the incident light (hυ) is greater than the band 

gap (Eg) of the semiconductor (hυ ˃ Eg), then valence band electrons are excited into 

the conduction band and the percentage of incident light absorbed by a particular 

semiconductor depends on the transition probability of electrons between the valence 
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and conduction bands. The probability strongly depends on semiconductor band 

structures. 

The optical properties or optical absorption of a nanostructure semiconductor 

material can also be demonstrated by the UV-Vis spectroscopy by the 

intercommunication between electromagnetic radiation and a semiconducting 

material. 

The optical absorption phenomena are responsible for the electronic 

transitions in semiconductors material through the interband and intraband transitions, 

and also transitions via impurities or lattice defects. The first type optical phenomena 

involves the absorption of photons, which have energies equal to or greater than the 

band gap energy of a semiconductor. This type of optical absorption is called the 

process of fundamental edge or interband absorption. The fundamental absorption 

edge energy is determined by the semiconductor band gap. The fundamental or 

interband absorption phenomena is typically followed by an electronic transition 

through the forbidden gap, and correspondingly excess electron-hole pairs are 

generated in the semiconducting nanostructure. The absorption coefficient is 

commonly very large because of the interband transition [17, 18]. 

However, the absorption coefficient changes into very small when the energies 

of the electromagnetic radiation drop lower the band gap energy of the 

semiconductor. In this circumstance, another type of optical absorption process takes 

place which is the result of electronic transitions within the allowed energy state in the 

semiconductor material and is known as free-carrier absorption process. Absorption 

of photons with energies underneath the band gap energy of the semiconductor may 

also lead to electronic transitions from localized impurity states to the conduction or 

valence band states [19]. The instrumental image of UV-visible spectroscopy is 

shown in Figure 2.8. 
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Figure 2.8: Image of UV-Visible instrument 

The relation between absorbance and concentration of the sample is explained 

by Beer-Lambert law [20] and it is given in equation 2.7 & 2.8, 

0/ IIT                                                                                                                 (2.7) 

   01log log I
T IA abC                                                                                     (2.8) 

Where, T is transmittance, I0, is the intensity of incident light, I is the intensity of 

transmitted light, A is the absorbance, α is the absorptivity coefficient, b is the path 

length and C is the concentration of the sample.  

Figure 2.9 illustrations the schematic representation of UV-vis 

spectrophotometer. It contains source (hydrogen/deuterium and tungsten/halogen 

discharge lamp), wavelength selector (diffraction grating), sample, solvent and 

detector. 

 
Figure 2.9: Schematic diagram of UV-Vis absorption spectrophotometer. 
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A beam of monochromatic light is divided into two beams, one of the 

fragmented light is passed through the specimen, and the other passes through a 

reference cell (in Figure 2.9, a solvent in which the sample is dissolved). After 

transportation from the specimen and reference cell, the two beams are collected to 

the detectors where they are analyzed. 

 In the present work, optical absorption and transmission spectra were recorded 

using a Carry-100 UV-Vis spectrophotometer in the 200-800 nm wavelength range. 

2.4.2. Fourier Transform Infra-Red Spectroscopy (FT-IR): 

 Optical spectroscopy has been one of the most broadly applied for the 

characterization of nanostructures. The instrumental image of FT-IR is visualized in 

Figure 2.10. Infrared (IR) spectroscopy is a most widespread characterization 

technique to investigate the IR frequencies absorbed by a sample when it is when it is 

kept in the path of an IR radiation source [21]. The infrared spectrum performs only 

when the vibrations amongst bonded atoms produces a permanent change in the 

electric dipole moment of the molecule/material. It is reasonable to suppose that the 

more polar a bond, the more intense will be IR spectrum arise from the vibrations of 

the bond. The information concerning structure, symmetry, bond strength, inter and 

intra molecular interactions etc., are obtained from IR spectra. Therefore, IR 

spectroscopy is operating to recognize the type of bonds between atoms of a molecule 

and consequently identifies functional groups such as -OH group, -COOH group, -

NH2 group and -CH2 group. The intensity and spectral position of IR absorptions 

allow the identification of the structure of a molecule. Solid, liquid and gaseous all 

samples can be characterized by this technique. 
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Figure 2.10: Image of FTIR instrument 

The entire infrared spectrum of the polyatomic molecule can be divided into 

functional group region and the fingerprint region. The functional group region is 

generally considered from 4000 cm-1 to 1500 cm-1. The finger print region exists 

within the wavenumber range 1500 cm-1 to 400 cm-1 [22]. The fingerprint region 

involves usually bending vibrations that are characteristic of the entire molecule or 

large fragments of the molecule and are used for identification. The functional group 

region includes generally stretching vibrations, which are more localized and 

characteristic of the typical functional groups found in organic molecules [22]. These 

bands are not very useful to confirm identity. They provide some very useful 

information about components of the sample. 

An IR spectrometer technique mostly encloses a source, a monochromator and 

a detector. The general IR source provides a constant and high radiation energy output 

into the IR region. The most frequently used sources in the production of IR radiation 

are the Nernst Glower and the Globar [23]. The deuterated triglycine sulfate (DTGS), 

L-alanine doped deuterated triglycine sulfate (DLaTGS), mercury cadmium telluride 

(MCT) etc., are generally used detectors in IR spectroscopy. DTGS detectors have 

significantly lesser sensitivity as comparison to the MCT detectors, which have to be 

cooled typically using liquid nitrogen. The basic description of the sources, 

monochromators, filters and detectors are given in the book of Colthup et al. [23] and 

the references therein. 
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A schematic diagram of FT-IR spectrometer is shown in Figure 2.11. In FTIR, the 

dispersive device, prism or grating monochromator, is replaced by Michelson 

interferometer. The beam splitter splits the radiation into two beams that are reflected 

back from mirrors to beam splitter. The recombined beams at beam splitter produce 

interference. If beam passes through the sample, absorptions cause gaps in a 

frequency distribution. One mirror of the interferometer is moved toward and away 

from the splitter at a constant speed. The detector sees a time domain signal (called 

interferogram) which is converted into frequency domain spectrum by Fourier 

transform using software and computer. It is faster and sensitive system than the older 

dispersive instruments. FT-IR measurement has high resolution, high signal to noise 

ratio and better accuracy. 

 

Figure 2.11: Systematic representation of FTIR. 

2.4.3 Photoluminescence spectroscopy (PL): 

 PL spectroscopy is a contactless and non-destructive characterization 

technique for the determination of the electronic structure of nanostructured materials. 

It has been generally used to an examination of the optical properties of 

nanostructures [24, 25]. Apart from this, PL spectroscopy can also be applied for the 
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direct determination of band gap, defect detection, doping of impurity level, surface 

traps, and recombination mechanism of photogenerated electrons and holes 

(excitons). The luminescent nature and capability of nanostructure materials can also 

be measured by PL band. The instrumental diagram of PL is shown in Figure 2.12. 

In the PL spectroscopy, the energy of photons are absorbed by the observing 

sample through the irradiation of electromagnetic light, electrons are excited from 

ground occupied state to the exited unoccupied states. On the emission process, the 

electronic transition occurs from excited state to the ground state, they emit radiation 

in the form of energy which is called as luminescence. On the behalf of the emission 

process and relaxation time, photoluminescence spectroscopy can be sub divided into 

two main categories such as fluorescence and phosphorescence spectroscopy. 

 

Figure 2.12: Image of PL instrument. 

Fluorescence spectroscopy occurs when an excited electron from the singlet 

vibrational energy level of an excited electronic state backs into the lower energy of 

singlet ground electronic state by emitting a photon. Since it is the fastest mechanism 

for the excited molecules return to their ground state, fluorescence is only observed if 

it is a more favorable for relaxation than the combination of internal conversion and 

vibrational relaxation. But in phosphorescence spectroscopic process a molecule 

normally emitted from the excited triplet electronic state of the lowest vibrational 
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level to the ground state of singlet electronic state by intersystem crossing or external 

conversion process. 

Except the above process, there are also another possible methods for the 

recombination process of the excited electron. It may include i) band to band 

transition, ii) defect level (involving donors) to valence band transition, iii) 

conduction band to defect level (involving acceptors) transition, and iv) non-radiative 

recombination via an intermediate state. These phenomena is represented in Figure 

2.13. 

 

Figure 2.13: Schematic presentation of photoluminescence emission process. 

The schematic presentation of PL spectrometer arrangement is displayed in Figure 

2.14. It contains xenon lamp as an electromagnetic light source, excitation 

monochromator to excite the material, emission monochromator to select the emitted 

emission energy from the sample, and photomultiplier tube as a detector. 

 
Figure 2.14: Schematic diagram of photoluminescence spectrophotometer. 
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Photoluminescence Excitation (PLE) Spectroscopy: 

 PLE provide the evidence about excited higher energy levels of the 

semiconducting nanostructure. In the spectrum, a narrow emission band is observed 

during the scanning of excitation energy due to the relaxation of an excited electron 

into their first excited state before emission, the spectrum that is obtained reveals 

absorption information about the narrow subset of nanostructured materials that emit. 

It provides the information about the presence of various electronic energy levels in 

NCs. Thus it is analogous to absorption spectroscopy. This technique is applied to 

consideration of [26] the higher excited states in the absorption spectrum as the 

inhomogeneous broadening due to distribution in size and shape is greatly reduced. 

The experimental setup for PLE is same as PL spectrometer as shown in Figure 2.14. 

Low Temperature (LT) Photoluminescence (PL) Spectroscopy: 

 Low Temperature PL spectroscopy is a more precise technique to an 

examination of the structural and electronic behavior of nanostructures associated 

with room temperature PL spectroscopy. At LT, thermal vibration at the atomic level 

is fewer as a comparison to the room temperature due to this reason, emission of the 

nanostructure can be resolved easily. Presence of optical phonon modes, [27] 

structural irregularity, [28] and impurity levels [29] in nanostructure can be studied 

using low temperature PL spectroscopy. The intensity and peak position of emission 

energy of NCs increases with decreasing temperature due to minimization of energy 

loss. The experimental setup is shown in Figure 2.15. 
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Figure 2.15: Experimental setup of high-resolution low-temperature 

photoluminescence. 

 

Light from the Xenon arc lamp is incident on the entrance slit of excitation 

monochromator. Monochromatic light from the excitation monochromator is focused 

on the sample kept in the cryostat using quartz lenses. Light emitted from the sample 

is collected by quartz lenses and focused onto the entrance slit of emission 

monochromator. The photomultiplier tube (PMT) placed at the exit slit of the 

emission monochromator detects the light and the signal from the PMT is input to the 

data acquisition system. In all the experiments the overall resolution of the 

photoluminescence set-up was kept at ~0.5 nm. The sample was placed between two 

quartz plates mounted on a closed cycle helium cryostat (Janis CCS-150). The 

photoluminescence and photoluminescence excitation measurements were carried out 

at various temperatures from 10 to 300 K [30]. 

Time Resolved Photoluminescence (TRPL) Spectroscopy: 

 TRPL provides the information of dynamics of nanocrystals. The increase in 

electron energy level spacing with decrease in particle size produces a remarkable 

effect on the radiative and nonradiative rates due to which decay lifetime of 

nanocrystals can be changed. An understanding of the exciton decay dynamics and 
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relaxation pathways in nanocrystals is the key issue from fundamental [26] as well as 

from application [19] point-of-view. With the help of TRPL measurements, various 

radiative and nonradiative recombination centers can be revealed. The decay lifetime 

of various nanocrystals are single exponential or multi-exponential depending on the 

uniformity of the nanocrystals in an ensemble. The charge transfer mechanism 

between two nanomaterials can also be studied by TRPL. For example, metal-

semiconductor hybrid nanostructures give different life-time than that of an individual 

component. 

2.5. Brunauer-Emmett-Teller (BET): 

 Brunauer-Emmett-Teller (BET) [31] theory is useful to recognize the physical 

adsorption of gas molecules on the surface of nanoparticles materials and assist as the 

fundamental technique for the analysis of the specific surface area of nanoparticle 

expressed in meter square per gram (m2/g-1) pore volume. The BET method employed 

to multilayer adsorption of materials and commonly uses those gases which do not 

react to the surface of nanoparticle materials as adsorbates for the measurement of 

specific surface area. Nitrogen gas is generally used as adsorbate for surface inquiry 

by BET methods. The BET instrument (BELSORP-mini II) is shown in Figure 2.16. 

 

Figure 2.16: Image of BET instrument. 
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The tenet of BET surface area examination is an augmentation of the 

Langmuir theory that is adsorption theory of monolayer to the multilayer adsorption 

with some hypothesis such as gas molecules adsorbed on a material in the infinite 

layers and the adsorbed gas molecules can interact with adjacent layer only. Then the 

BET equation is 
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Where p, equilibrium pressure p0 saturation pressure of nitrogen gas as adsorbates at a 

temperature of adsorption, v is the total quantity of gas absorbed and vm is the 

quantity of gas absorbed on monolayer and c is BET constant. Where the value of c is  
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                                                                                                 (2.10) 

Where E1 represents the absorption of heat on the first layer and E2 is for the second 

and higher layers. Equation 2.9 is an equation of adsorption isotherm and plot a graph 

with the help of this equation against 1/v[(p/p0)-1] vs p/p0. This plot is known as BET 

plot. For obtained linear graph the value of p/p0 is between 0.05<p/p0<0.35. From 

obtained the value of slope (S) and intercept (I) to measure the gas quantity (vm) of the 

adsorbed monolayer gas and BET constant c used following equation: 

1
mv

S I



                                                                                                           (2.11) 

1
S

c
I

                                                                                                              (2.12) 

The total area (Stotal) and specific surface area (SBET) is measured with the help of the 

following equation: 

 m

total

v Ns
S

V
                                                                                                        (2.13) 
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total
BET

S
S

a
                                                                                                             (2.14) 

Where vm is the volume unite, N is Avogadro number, s is the cross-section area of 

adsorbed gas and V is the volar volume of the adsorbate gas and is amount 

nanomaterials.  

Barrett-Joyner-Halenda (BJH) measurement can also be applied to calculate 

the pore size and specific pore volume by adopting adoption and desorption method. 
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Chapter 3 

Structural, optical and photocatalytic study of ZnO and ZnO-ZnS synthesized by 

chemical method 

Zinc oxide (ZnO) and ZnO-ZnS nanocomposite materials have been prepared 

by simple chemical co-precipitation method. The X-ray diffraction analysis revealed 

the formation of ZnO and ZnO-ZnS crystalline materials. FESEM and HRTEM 

analyses indicated the formation of flake-like ZnO and sheet-like ZnO-ZnS structures. 

Energy dispersive X-ray (EDS) study further established the formation of ZnO and 

ZnO-ZnS materials. In the FTIR spectrum the presence of Zn-O symmetric stretching 

vibration at 442 cm-1 and 809 cm-1, due to weak vibration of ZnO, while the other 

peak at 687 cm-1 due to Zn-S symmetric bending vibration proved the formation of 

ZnO-ZnS composite material. Optical absorption spectrum showed that the band gap 

energy decreased for ZnO-ZnS composite compared to the pure ZnO NPs. The 

photoluminescence spectral analysis shows that the broad emissions spectrum caused 

due to several different bands, owing to the presence of zinc vacancies, oxygen 

vacancies, and surface defects. The photocatalytic performance of these samples was 

tested for degradation of a dye methylene blue under UV light exposure. ZnS-ZnO 

composite shows the higher dye degradation efficiency (93 %) than that of pure ZnO 

(55 %). 
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3.1. Introduction: 

 Semiconducting nanoparticles (NPs) have been achieving more and more 

attention in last decades because of their enhanced physical and optical properties, 

which are dissimilar to their bulk counterpart, due to their large surface to volume 

ratio. They have an extensive range of applications like light-emitting diodes, photo-

conductive devices, solar cells, biomedical labeling, photo-catalysis, lasers, optical 

waveguides and sensors [1, 2]. Due to the large surface to volume ratio, these NPs 

contain a large number of vacancies. Size and surface effects both are significant at 

the nanoscale to control the vacancies. The presence of vacancies commonly serve as 

the elimination of photo-generated electrons, affecting luminescence properties, thus 

it is essential to manipulate the surface of nanoparticles to achieve improved optical 

properties [3]. 

 ZnO is an important direct band gap semiconducting material which belongs 

to II-VI group compound with hexagonal wurtzite structure. At room temperature, the 

band gap energy of ZnO is 3.37 eV and a large exciton binding energy (60 meV) [4]. 

It has wide range of applications such as piezoelectricity, optical transparency and 

chemical stability in visible region [5], optoelectronic devices [6], gas sensors [7, 9], 

transparent electrodes [10], solar cells, acoustic wave devices, ferroelectric memories 

[11] and so on. Its various morphological dependent properties have been reported in 

a number of studies which includes nanorods, nanosheets, nanotrees [12, 13]. The 

significant applications of ZnO exhibit as ultraviolet absorber and window material 

for displays and solar cells [14]. 

Many research works have been focused on ZnO modified with metallic 

elements to improve its properties. Chemically stabilized solution phase synthesis of 

ZnO may moderately passivate the charged surface sites, however, virtually it is 
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difficult to passivate both anionic as well as cationic surface sites by capping with 

organic surfactants concurrently. The presence of unpassivated surface sites may 

work as nonradiative recombination of excitons and consequently destroy effectively 

luminescence properties. Therefore, the modification of the nanocrystal surface is a 

serious issue to achieve high luminescence and photostability in ZnO nanocrystals. 

Literature review revealed that the modification of the band gap, electrical, 

optical and magnetic properties of ZnO NPs have been achieved by changing 

unpassivated surface sites by the addition of some foreign impurities [15-17] as well 

as by addition of other semiconducting materials such as ZnO-SnO2, ZnO-Yb2O3 [18, 

19] Fe3O4/ZnO [20], FePt/CdS, FePt/CdSe, Fe3O4/ZnS [21], Co/CdSe [22], 

Fe3O4/CdS, Fe/ZnO [23], and Ni/ZnS [24]. T. Hong et al. also reported that the 

synthesis of ZnO/ZnSeO3/CuSeO3 by hydrothermal synthesis based on an ion-change 

method for photoelectrochemical water splitting [25]. A number of chemical methods 

such as hydrothermal [26], solvothermal [27], co-precipitation [28] and sol-gel 

methods [29], have also been applied for the synthesis of ZnO NPs and its composite 

materials. However, among these methods, co-precipitation process has been 

commonly accepted to synthesize ZnO NPs because of its low cost, high yield and 

due to the formation of constant size NPs. 

Zinc sulfide (ZnS) is a non-toxic II-IV metal sulfide semiconductor and it is 

found commonly in two structural phases, the zinc blende (sphalerite) structure with a 

cubic phase and the wurtzite structure with a hexagonal phase. The band gap energy 

of the two phases of ZnS (cubic and hexagonal phases) are 3.54 eV and 3.80 eV 

respectively. Zinc sulfide is also a prominent phosphor material with various 

luminescence properties including electroluminescence (EL) and photoluminescence 

(PL), thus it has commonly applied in the fields of sensors, laser and displays [30, 



Chapter 3 

105 

31]. A number of theoretical as well as experimental reports have been available in 

past on ZnO/ZnS composite [3] heterostructures [32] and heterojunction [33]. Saha et 

al. reported that in core-shell ZnO/ZnS, the band gap decreased as the shell thickness 

of ZnS increased keeping core thickness of ZnO constant [34]. Verma et al. reported 

the formation of core-shell nanocomposites in the solution-based synthesis of 

ZnO/ZnS, and reveal systematically discussed the passivation orange emission [3]. 

In the previous studies of ZnO-ZnS structures, virtually all efforts have been 

made on band gap modulation; however effect of ZnS addition on morphological 

variation of ZnO-ZnS, surface defect levels and thus photoluminescence behavior of 

ZnO-ZnS is still lacking. In the present study, we have synthesized ZnO-ZnS 

nanocomposite materials by applying a simple co-precipitation method. 

Photocatalytic behavior of ZnO nanocrystals and ZnO-ZnS nanocomposite for 

degradation of dye methylene blue under UV light exposure has also studied in this 

work. 

3.2. Experimental Sections: 

3.2.1. Reagents: 

 In the present work, analytical grade chemicals were used to synthesize ZnO 

and ZnO-ZnS materials. Zinc sulfate heptahydrate (ZnSO4.7H2O), urea (NH2CONH2), 

and thiourea (NH2CSNH2) were purchased from Merck India and sodium hydroxide 

powder (NaOH) was purchased from MP Biomedical LLC. These chemicals have 

been used as received without further purification. Double-distilled water and doubled 

de-ionized water were used as solvents. All the glassware’s were cleaned with 

concentrated acid. The dried glassware’s were used in all the experiments. 

3.2.2. Synthesis of Zinc Oxide nanoparticles (ZnO NPs): 

For preparation of ZnO, 50 ml aqueous solution of ZnSO4.7H2O (0.3 M) was 

sonicated for 30 min in the ultrasonic cleaner. 50 ml of 0.3 M aqueous solution of 
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urea (NH2CONH2) was added drop wise into the above zinc sulfate solution and 

stirred vigorously on the digital magnetic stirrer. Then 0.5 M NaOH aqueous solution 

was gently added to the above precursor solution under vigorous stirring until pH 

reached to 11. The reaction mixture was refluxed for 1 h at 80 ˚C. The as-prepared 

precipitate was cooled down naturally at room temperature, filtrated and washed 

several times with deionized water to remove the impurity and finally with acetone 

until neutralization. The precipitate was dried at 80 ºC in the electric oven. 

3.2.3. Synthesis of ZnO-ZnS nanocomposite: 

 In a typical synthesis, 50 ml aqueous solution of ZnSO4.7H2O (0.3M) was 

sonicated for 30 min in the ultrasonic cleaner. 50 ml of 0.3 M aqueous solution of 

thiourea (NH2CSNH2) was added drop wise into the above zinc sulfate solution and 

stirred vigorously on the digital magnetic stirrer. Then aqueous solution of 0.5 M 

NaOH was gently added in to the above precursor solution under vigorous stirring 

until pH reached to 11. The reaction mixture was refluxed for at 80 ˚C. Then 

precipitate was cooled down naturally at room temperature, filtrated and washed 

several times with deionized water to remove the impurity and finally with acetone 

until neutralization. The precipitate was dried at 80 ºC in the electric oven. 

3.3. Characterizations: 

The crystal structure of the prepared materials was investigated by the X-ray 

diffraction (XRD) analysis on Rigaku High Resolution 12 kW X-ray diffractometer (𝜆 

= 1.5406 Å) in the 2𝜃 range of 20-80˚ with scan rate of 10/min using Cu-K𝛼 radiation 

(40 KV) using pure A2O3 as reference. Particles morphology and elemental analyses 

were done by Scanning electron microscopy (SEM) and energy dispersive X-ray 

(EDX) spectroscopy on JEOL, JSM-6490 LV Scanning Electron Microscope. The 

particles morphology and particle size distribution of the synthesized materials were 



Chapter 3 

107 

also observed by high resolution transmission electron microscope (HRTEM) on 

JEOL JEM 200 CX. The optical properties of the materials were studied by UV-

Visible spectroscopy using carry 100 UV-Visible spectrophotometer, wherein 

observation was recorded in absorption mode in wavelength range 200-800 nm. The 

bond vibration of the materials was analyzed by the Fourier-transform infrared 

absorption spectra (FTIR spectra) using a Nicolet TM 6700 FTIR spectrophotometer 

in the range 400-4000 cm-1. The samples were mixed with KBr powder before being 

pressed to form optically clear pellets. The photoluminescence (PL) spectra were 

observed at room temperature using LS-55 fluorescence spectroflurometer. 

3.4. Photocatalytic performance of catalyst: 

 The photocatalytic activity of synthesized ZnO and ZnO-ZnS materials was 

measured using dye methylene blue (MB) as a representative water contaminant 

under UV light irradiation. In this process 20 mg amount of catalyst (ZnO and ZnO-

ZnS separately) was added into 100 mL of an aqueous solution of MB at a constant 

initial concentrations of 80 ppm. Before the irradiation of light, the prepared mixture 

was sonicated in dark for 30 minute to attain adsorption equilibrium of MB with the 

photocatalyst. The photocatalytic observation was carried out at room temperature in 

a cylindrical glass vessel assembled with a magnetic stirrer under a UV-light situated 

horizontally at 30 cm above the suspension surface. The glass vessel was lightened by 

two 20 W UV lamp. The whole arrangement was place in a box, wrapped with 

aluminum foil to escape the other lights into the box. The aliquot amount of 

suspension was drawn from the reactor at consistent time intervals and the absorbance 

of sample was monitored on Carry 100 UV-visible spectrophotometer at the 

maximum absorbance wavelength of 664 nm after centrifugation. 
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According to the Beer-Lambert law, the change in the concentration of organic 

pollutant MB in aqueous solution is directly proportional to the change in intensity of 

the absorption peak, therefore the percentage degradation efficiency of MB is 

measured by applying the following expression [35] 

MB degradation efficiency (%) = 100 × (C0 - Ct)/C0                                              (3.1) 

Where C0 is the initial concentration and Ct is the concentration at any time t, 

respectively. 

3.5. Results and discussion: 

The crystal phase and purity of the as-synthesized ZnO and ZnO-ZnS 

materials were analyzed using X-ray diffraction analysis shown in Figure 3.1. All the 

peaks in the XRD pattern are very sharp and intense indicating that the samples are 

good crystalline in nature. The XRD pattern of ZnO (Figure 3.1 a) shows diffraction 

peaks at 2𝜃 values 231.80˚, 34.51˚, 36.21˚, 47.52˚, 56.61˚, 62.90˚, 67.91˚, and 69.92˚, 

with corresponding Miller indices (hkl) of (100), (002), (101), (102), (110), (103), 

(112), and (201) respectively, indicating formation of hexagonal wurtzite phase of 

ZnO (JCPDS card no 800075, a = 3.253 and c = 5.209 with space group p63mc). 

Figure 3.1 b represents the XRD pattern of ZnO-ZnS nanocomposite, formed after 

addition of NH2CSNH2 into the aqueous solution of zinc sulfate. In the XRD pattern, 

apart from ZnO peaks, additional peaks appeared at 2𝜃 values 29.1˚, 42.59˚, 45.78˚ 

and 66.4° which are respectively (103), (109), (1010) and (1112) planes of ZnS 

hexagonal phase (JCPDS card no 72-0163, a = 3.820, c = 24.96 with space group 

p63mc). Moreover, the peak position of ZnO shifted towards slightly higher 2θ value 

compared to pure ZnO. No other diffraction peaks were observed in the XRD 

patterned, indicating the formation of ZnO-ZnS composite material.  
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Figure 3.1: X-ray diffraction patterns of (a) ZnO nanoparticle, (b) ZnO-ZnS 

nanocomposite. 

 

Wurtzite ZnO has hexagonal close-packed structure wherein Zn atom is 

tetrahedrally coordinated with four oxygen atoms and each oxygen binds four zinc in 

tetrahedral ZnO. Thus hexagonal wurtzite ZnO has two polar faces, one which only 

contains Zn2+ while the other face only contains O2- ions. These two faces are stacked 

alternatively along c- axis.  Applying Bragg’s law, 

2n dSin                                                                                                           (3.2) 

Where n is the order of diffraction (commonly n = 1), λ is wavelength of the X-ray 

and d is inter planar spacing. In the hexagonal ZnO, the interplanar spacing d is 

related to the lattice constants a, c and the miller indices h, k and l by, 

2 2 2

2 2 2

(hkl)

1 4

3

h hk k l

d a c

  
  

 
                                                                                   (3.3) 

Taking first order approximation, n = 1; 
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The lattice parameter a for (100) plane is determined by the relation, 

3
a

Sin




                                                                                                             (3.5) 

For (002) plane, the lattice constant c is determined by [36], 

c
Sin




                                                                                                                   (3.6) 

The lattice parameters for ZnO have been measured using above equations and found 

as a = b = 3.2454 Å and c = 5.6212 Å, hence c/a = 1.7320. These values and observed 

XRD peaks for the planes (100), (002), (101), (102), (110), (103) closely match with 

the JCPDS data for ZnO. The measured interplanar spacing (dh k l) for the observed 

XRD data for a particular plane, percentage variation in d observed values with d 

JCPDS values, full width at half-maximum (FWHM) values and area values for XRD 

peaks for samples ZnO and ZnO-ZnS are systematically tabulated in Table 3.1 and 

3.2 respectively. 

Peak dXRD dJCPDS % of contraction in d FWHM Area 

<100> 2.8106373 2.8179 0.2577 0.3336 3205.84 

<002> 2.5958709 2.6049 0.3466 0.3826 2730.72 

<101> 2.4778013 2.4786 0.0322 0.3466 6478.14 

<102> 1.9111137 1.9128 0.0881 0.4057 1391.9 

<110> 1.6239071 1.6269 0.1839 0.4411 2111.59 

<103> 1.4757904 1.4784 0.1765 0.547 2014.51 

<112> 1.3785902 1.3799 0.0949 0.4834 1350.78 

<201> 1.3437942 1.3601 1.1988 0.4753 600.99 

 

Table 3.1: Interplanar spacing (dhkl) from XRD, JCPDS, data card for corresponding 

(hkl) planes, percentage of variation of d, FWHM, and area of ZnO nanoparticles. 
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Peak dXRD dJCPDS % of contraction in d FWHM Area 

<100> 2.7875876 2.7886 0.0363 0.20892 2.40048 

<002> 2.599011 2.6 0.0380 0.18901 2.04177 

<101> 2.4535831 2.45475 0.0475 0.22166 5.24864 

<102> 1.900907 1.9016 0.0364 0.29797 1.79572 

<110> 1.6093748 1.61 0.0388 0.29594 4.17701 

<103> 1.47155135 1.4721 0.0372 0.35131 4.16419 

<112> 1.36826999 1.3688 0.0387 0.34789 3.68605 

<201> 1.34619798 1.3467 0.0372 0.30451 1.42928 

 

Table 3.2: Interplanar spacing (dhkl) from XRD, JCPDS, data card for corresponding 

(hkl) planes, percentage of variation of d, FWHM, and area of ZnO-ZnS 

nanocomposites. 

 

The average particles size of ZnO NPs and ZnO-ZnS nanocomposite was calculated 

by Scherrer’s equation [37], 

d = kλ/βhklCosθ          (3.7) 

Where d is the average crystallite’s size, λ is the X-ray wavelength of Cu-Kα line, β is 

the full width at half maximum (FWHM) of the respective peak, θ is the Bragg’s 

angle and k is the Scherrer’s constant (shape factor), which is equal to 0.91. Although 

Scherrer equation is only approximate in nature, however, it certainly provides a 

preliminary idea about crystallites size, which may be quite accurate, provided the 

particle’s size is below 100 nm. Bragg’s equation ideally applicable in the condition 

of sharp XRD peaks. However, the typical diffraction peaks have a finite width, 

which is a combination of both instrumental and sample dependent effects. To 

decouple above contributions, diffraction pattern from line broadening of a standard 

material (Al2O3) is collected to determine the instrumental broadening. The 

instrumental corrected βhkl for particular diffraction peak of the materials (ZnO and 

ZnO-ZnS) was calculated using the equation, 
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βhkl   =  [(β2
hkl)measured - (β2

hkl)instrumental]1/2         (3.8) 

In this equation, the strongest (101) XRD peak was used to determine average 

crystallite’s size. The calculated average crystallite’s sizes of ZnO NPs and ZnO/ZnS 

nanocomposite were 26 and 25 nm respectively. 

FESEM analysis: Structural, morphological and compositional analyses ZnO and 

ZnO-ZnS materials were performed by FESEM and EDX studies, shown in Figure 

3.2. In the FESEM images (Figure 3.2 a and b), flake-like ZnO nanostructures with 

thickness 20±8 nm have been observed, while in the FESEM images of ZnO-ZnS 

(Figure 3.2 c and d), sheet-like ZnO-ZnS structures with thickness 20±5 nm have 

been observed. In the corresponding EDX spectrum of ZnO (Figure 3.2 e), presence 

of Zn & O and in the EDX spectrum of ZnO-ZnS (Figure 3.2 f), presence of Zn, O 

and S elemental peaks confirm the formation of ZnO and ZnO-ZnS materials. The 

absence of any other elemental peak indicates the high purity of prepared sample. 

 

Figure 3.2: (a) and (b) FESEM images of ZnO, (c) and (d) SEM images of ZnO-ZnS, 

(e) EDX spectrum of ZnO and (f) EDX spectrum of ZnO-ZnS nanocomposite. 
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A comprehensive chemical composition analysis of the ZnO-ZnS nanocomposite was 

also carried out with X-ray elemental mapping (Figure 3.3) which shows percentage 

value of Zn, S and O as 59.58, 14.12 and 26.30 respectively. This data confirm the 

formation of ZnO-ZnS composite material. 

 

Figure 3.3: Elemental mapping of ZnO-ZnS nanocomposites. 

HRTEM analysis: The morphological investigation of ZnO and ZnO-ZnS has further 

been examined by HRTEM analyses. In the HRTEM micrographs (Figure 3.4 a and 

d), flake-like structures are clearly observed. In the enlarged view of these images 

(Figure 3.4 b, c and e), spherical ZnO structures with a diameter in the range 9-16 nm 

have been observed. Thus from HRTEM images, it is obvious that the small spherical 

ZnO particle associated to form ZnO nanoflakes. Hydrolysis of urea in the alkaline 

medium releases NH3 molecules in the reaction medium. The hexagonal wurtzite ZnO 

crystals have two polar faces. The first (0001) face contains only positively charged 

Zn2+ while the other ( 0001


) face contains only negatively charged O2-
. The two 

oppositely charged faces are stacked alternatively along c axes. Zn2+ containing 

(0001) polar face has the maximum surface energy whereas O2ˉ terminating ( 0001


) 

face have minimum energy. In the solution phase synthesis, hexagonal prism-like 

ZnO takes place, which is the intrinsic growth habit of ZnO, due to anisotropic growth 

along c axis [38]. The released NH3 molecule in the reaction medium possibly 
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adsorbed on Zn2+ terminating positive (0001) facet, thus retarding growth in this 

direction. Now the incoming ZnO will have no option to add sideways towards 

( 2110
 

) or evolve flake-like ZnO structures. The selected area electron diffraction 

(SAED) pattern (Figure 3.4 f) shows the polycrystalline nature and the ring pattern 

confirms the evolution of hexagonal ZnO nanostructures. 

 

Figure 3.4: (a to e) HRTEM images and (f) SAED pattern of ZnO nanostructure. 

The HRTEM images (Figure 3.5 a and d), and their enlarged view (Figure 3.5 b, c and 

e), indicate that sheet-like ZnO-ZnS structures are actually composed of small 

spherical crystallites with a diameter in the range of 9-13 nm. Further, in Figure 3.5 c, 

core-shell like ZnO-ZnS structures (ZnO core-ZnS shell), have been observed. 

Probably the formation of ZnS shell over ZnO core facilitates the formation of sheet-

like ZnO-ZnS structures. The selected area electron diffraction pattern (Figures 3.5 f) 

indicates the polycrystalline nature while the ring pattern of the same confirms the 

formation of hexagonal ZnO-ZnS.  
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Figure 3.5: (a to e) HRTEM images and (f) SAED pattern of ZnO-ZnS 

nanocomposite. 

 

FTIR analysis: To examine the nature of bonds in the prepared materials, FTIR 

spectra of the pure ZnO and ZnO-ZnS composite samples have been recorded in the 

range 400-4000 cm-1 (Figure 3.6). The major peaks in FTIR of ZnO have been 

observed at 442, 809, 1635 and 3422 cm-1. The peaks at 3422 cm-1 and 1635 cm-1 are 

respectively due to O-H stretching and O-H bending vibrations of water molecule. 

The existence of these bands indicates the presence of water molecules on the surface 

of the nanostructures. Couple of bands at 1500 cm-1 may be due to adsorbed NH3 

molecules at the surface of nanostructures. The peak at 442 cm-1 is corresponds to Zn-

O symmetric bending vibration and the peak at 809 cm-1 is due to weak vibration of 

Zn-O [10]. Thus FTIR data indicates the presence of Zn-O without any other 

impurity. In the FTIR spectrum of ZnO-ZnS, apart from above peaks, the additional 

peak at 687 cm-1 (Figure 3.6 b), attributed to Zn-S symmetric bending vibration. This 

band confirmed the formation of ZnO-ZnS composite [39]. 
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Figure 3.6: FTIR spectra of (a) ZnO and (b) ZnO-ZnS nanocomposite. 

Optical Properties: UV-visible absorption spectroscopy is an effective technique to 

examine the optical properties of semiconducting NPs. Figure 3.7 shows the UV-

visible spectra of the pure ZnO and ZnO-ZnS composite. In the UV-visible spectrum 

of pure ZnO, the absorbance band was observed around 378 nm. This characteristic 

absorption peak can be assigned to the intrinsic band-gap absorption of ZnO due to 

the electron transitions from the valence band to the conduction band (O2p → Zn3d) 

[40] and it is in consonance of the previous work reported by Geeta Devi et al. [41]. 

In the spectrum of ZnO-ZnS, the above peak is red-shifted (at 391 nm) compared to 

pure ZnO. This red shift in the absorption peak for ZnO-ZnS composite arises due to 

near vicinity of the optical component ZnS in the nanocomposites. The direct band 

gap energy of the synthesized materials was calculated from the absorption peak of 

the UV-visible absorption spectrum. The direct band gap energy values of the pure 

ZnO NPs and ZnO-ZnS composite samples was calculated using Tauc equation and 
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found to be 3.29 eV (378 nm) and 3.17 eV (391 nm) respectively [42]. The red-shift 

in ZnO-ZnS, compared to ZnO is due to electronic interaction between ZnO and ZnS, 

which arises due to an increase of ZnS formation on ZnO [43]. The improved visible 

light absorption of the modified samples may be consequence of surface defect center 

formation mainly associated with the creation of oxygen vacancies due to the 

introduction of S2- ions. It may also be ascribed to electronic interaction between ZnO 

and ZnS with an increase of ZnS concentration on ZnO [43].  

 

Figure 3.7: UV-visible absorption spectra of ZnO and ZnO-ZnS nanocomposite 

respectively 

 

Photoluminescence Properties: The room temperature PL spectra of the ZnO NPs 

and the ZnO-ZnS nanocomposite are presented in Figure 3.8. The emission spectrum 

was recorded up-to 650 nm wavelength at excitation wavelength 325 nm. In the PL 

spectrum of ZnO, a strong UV near band edge emission at 389 nm and some other 

secondary peaks related to visible emissions are observed at 419, 446, 484, 529 and 

590 nm wavelengths. The peak at 389 nm is due to the UV near band edge while the 

band at 419 nm peak is related violet emission. A large number of works have been 
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done on visible emission of ZnO, however their origin is in still controversial. A 

number of theoretical as well as experimental results shown that the visible emissions 

are related to several intrinsic defects like zinc vacancies (VZn), oxygen vacancies 

(Vo), interstitial zinc (Zni), interstitial oxygen (Oi) and antisite oxygen (OZn) 

corresponds to substitution of oxygen at zinc position [44-46]. The blue luminescence 

peak at 446 nm is corresponding to electronic transitions from interstitial levels of Zn 

(Zni) to valence band [47, 48]. The presence of broad blue emission band at around 

484 nm is generally assigned to the radiative recombination of an electrons with 

oxygen vacancy [49]. The green emission at 529 nm is owing to the recombination of 

electrons stuck with twice-ionized oxygen vacancy (Vo
••) with photo-generated holes 

[50, 51]. The yellow emission peaks present in the visible region at 590 nm is 

attributed to oxygen vacancies (Vo) or oxide antisite defects and surface defect [52]. 

In the PL spectrum of ZnO-ZnS nanocomposites, the intensity of UV near band edge 

and violet emissions has been decreased. Moreover, in ZnO-ZnS the intensity of 

broad blue emission and green emission peaks enhanced while orange emission 

disappeared compared to pure ZnO nanocrystals. The intensity of UV emission peak 

is related to recombination of electrons and holes, while the visible peaks are 

associated with presence of defect levels in the NPs. In the PL spectrum ZnO-ZnS the 

decrease in UV emission peak, compared to ZnO indicates decrease in rate of 

recombination of electron and holes while increase of visible emissions peak intensity 

shows the increase in intrinsic defect levels due to addition of ZnS to ZnO. In PL 

spectrum of ZnO-ZnS, intensity of visible emission peaks, particularly peaks at 484, 

and 529 nm are significantly increased, which indicate that addition of ZnS to ZnO 

created large amount of  oxygen vacancies (Vo
• and Vo

•• centers) in ZnO-ZnS 
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composite these defects may work as electron scavengers by trapping photogenerated 

electrons temporally, thus slowing down electron-hole recombination. 

 

Figure 3.8: Photoluminescence spectra of ZnO and ZnO-ZnS nanocomposite 

Photocatalytic activity: The photocatalytic activity of as-synthesized ZnO and ZnO-

ZnS composite material was evaluated by photodegradation of methylene blue (MB) 

organic dye as a representative water contaminant under UV light. The concentration 

plot of MB versus reaction time with ZnO and ZnO-ZnS photocatalysts under 

irradiation of UV light (664 nm) is shown in Figure 3.9 a & b respectively. Among 

the two catalysts ZnO and ZnO-ZnS, the later shows better photodegradation 

efficiency (93 %) than the former (55 %) for degradation of MB on 90 minutes UV 

radiation exposure, Hydroxyl radicals play critical role in photocatalytic degradation 

of organic dyes. Pleskov reported that the recombination rate of photogenerated 

electron-hole pair (e- - h+) in bare ZnO is very fast [53]. The fast recombination of (e- - 

h+) prevents the formation of hydroxyl radicals which is mandatory for the 
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photodegradation of the organic pollutant. Wang [54] also described that the 

photocatalytic activity of Ag-doped ZnO is better as compared to the pure bare ZnO 

and Shinde [55] reported that the N-doped ZnO displayed higher rate of degradation 

of toluene as compared to that of pure ZnO. In the PL spectra, the intensity of UV 

near band emission of pure ZnO at 391 nm is significantly decreased in ZnO-ZnS 

composite, indicating rate of recombination of (e- - h+) significantly increased in ZnO-

ZnS compared to pure ZnO. Further, in ZnO-ZnS, the intensity of visible emission 

peaks at 484 and 529 nm significantly increased compared to pure ZnO. This in turn 

indicates that the addition of ZnS to ZnO creates large amount of oxygen vacancies 

(Vo
• and Vo

••). These oxygen vacancies act as scavengers and effectively slowed down 

recombination of (e- - h+).  Thus from PL study it is obvious in ZnO-ZnS material the 

increased oxygen defects concentration effectively help in the separation of 

photogenerated (e- - h+) pairs and thus prolongs the •OH radicals life. These two 

behavior act together and enhanced photocatalytic activity of ZnO-ZnS 

nanocomposite compared to pure ZnO for degradation of MB under UV light 

irradiation. 

 

Figure 3.9: Absorption spectra of methylene blue solution at different time interval 

under UV light radiation with sample (a) ZnO and (b) ZnO-ZnS composite. 
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The reaction rate of MB degradation has been evaluated by applying pseudo-

first-order kinetic model as represented by, ln (C0/Ct) = kt, where C0 is the initial 

concentration, Ct is the concentration of the dye at time t and k is the rate constant 

[56].  Mostly pseudo first-order kinetics is applied to elucidate the photocatalytic 

degradation reaction, which occurs at the interface between a photocatalyst and azo 

dye (organic pollutants) with low concentration. From the slope of linear fitting of the 

graph between the ln (C0/Ct) versus t (Figure 3.10), the rate constant values for ZnO 

and ZnO-ZnS catalysts have been determined as 0.012 and 0.077 min-1 respectively. 

The results indicate that ZnO-ZnS is better photocatalyst than ZnO for degradation of 

dye MB. 

 

Figure 3.10: The photocatalytic removal of MB (a) and Kinetics of MB removal (b) 

3.6. Conclusion: 

 In summary, we have successfully prepared ZnO NPs and ZnO-ZnS 

nanocomposite by a simple chemical co-precipitation method. XRD, PL, FESEM, 

HRTEM and FTIR techniques established the formation of flake-like ZnO and sheet-

like ZnO-ZnS nanostructures. The PL spectra of ZnO-ZnS nanocomposite reveals the 

decreased intensity of UV near band edge and violet emission and an enhanced 

intensity of visible emission, as well as the disappearance of orange emission. UV-
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visible and PL spectral analysis revealed that addition of ZnS to ZnO cause a 

significant decrease in recombination of electrons and holes and increase of intrinsic 

oxygen vacancies. These factors are responsible for the better photocatalytic activity 

of ZnO-ZnS nanocomposite compared to pure ZnO NP for degradation of dye MB 

under UV light exposure. 
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Chapter 4  

Synthesis, characterization and photocatalytic application of copper-zinc oxide 

nanocomposites 

In the current work, ZnO, and ZnO/CuO nanocomposites have synthesized by 

simple chemical co-precipitation method through calcination at 400 °C for 4hrs. 

Prepared nanocomposite samples were appraised by X-ray diffraction (XRD), energy 

dispersive X-ray spectroscopy (EDX), scanning electron microscope (SEM), high-

resolution transmission electron microscopy (HRTEM), Brunauer-Emmett Teller 

analysis (BET), and UV-visible spectroscopy. From the XRD analysis, it’s proved 

that the forming of crystalline nanocomposites material while magnified SEM images 

showed that single hexagonal structural of pure ZnO and agglomeration of grain like 

structure of ZnO/CuO composite by calcination on 400 °C. HRTEM investigation 

proves that hexagonal structure of pure ZnO is obtained by aggregation of the knife-

like structure. BET analysis accepted that the mesoporous nature of nanocomposites. 

UV-Visible spectra have been also discussed the optical behaviour of the materials. 

The photocatalytic operation of the fabricated materials, ZnO and ZnO/CuO 

composite was well-established for the photo-degradation of Congo red (CR) organic 

waste in aqueous phase under irradiation of visible light. The ZnO/CuO composite 

shown better photocatalytic activity for decolourization of CR dye. 
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4.1. Introduction: 

The commercial use of synthetic dyestuffs in a number of industries like 

paper, plastic leather, textile, food, and printing industries. Among the various 

dyestuffs, most of these are synthetic organic dye of azo compound like congo red 

(CR), methyl orange (MO), and methylene blue (MB)) which contain chromophore (-

N=N-) in their molecular composition [1]. However, the blend of discharged effluents 

containing –N=N- chromophoric group are usually recognized in the effluent and has 

to be eliminated before releasing into the ground water since these large-scale organic 

dyestuffs are a toxic waste to contaminate the water bodies and influence the 

ecosystem specially terrestrial as well as aquatic life [2]. For the dealing of organic 

contaminants containing waste water, traditional process like coagulation, 

flocculation, chemical precipitation/separation, hypochlorite oxidation, ozone 

oxidation, adsorption on the activated carbon, activated sludge and osmosis process 

have difficulties in the complete destruction of contaminants, and also have the 

further disadvantage of potentially secondary pollution [3].  

In the recent period, the nanostructure semiconducting (NS) substances have 

been accepted as heterogeneous photocatalytic materials for the advanced oxidation 

process (AOP) for the powerful destruction of toxic pollutants from decontaminated 

water. In this current procedure, the electron-hole pair will be generated by the 

radiation of semiconducting substances like ZnO with the appropriate energy of 

photon equal to or larger than the band gap (hυ ≥ Eg) energy. The electrons and holes 

produced during irradiation of light may move around to catalytic surface where they 

play a major character in the redox reaction with absorbed species. Generally, holes at 

valence band (h+
VB), react with surrounded H2O/OH-• at the surface to generate 

hydroxyl radical (OH˙) which is a very strong oxidizing agent, and electrons at 
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conduction band (e‾CB) are taken by dissolved oxygen to produce superoxide radical 

anion (O2˙‾). Some other free radical such as HO2˙/ O2˙ may also be produced and 

participated in the degradation process, but these radicals are low efficient than the 

hydroxyl radical. It has been recommended that these radicals are the fundamental 

oxidizing species in the decolourization of organic contaminants through the 

photocatalytic oxidation processes as represented as in equation [4.1 to 4.4]. 

NS + hυ → e¯CB + h+
VB                                                                                            (4.1) 

e¯CB + O2 (dis) → O2˙‾                                                                                             (4.2) 

h+
VB  + NS-H2O/OH- → OH˙(abs) +H+                                                                   (4.3) 

OH˙(abs) + organic pollutants → Oxidized product                                                (4.4) 

However, the fast recombination process of photogenerated electron/hole pair 

and particle agglomeration inhibit the advantage of this process. Based on the current 

investigation, the coupling of different type semiconductors drives to powerful 

expansion in their photocatalytic efficiency. It has been mention that, the coupling of 

semiconductors with various band gap materials significantly inhibit the electron 

recombination process of coupled semiconductors compared to the bare 

semiconductor. 

ZnO NPs is a non-toxic, low cost, and a fascinating direct band gap n-type 

semiconductor nanoparticle belongs to II-VI group with hexagonal wurtzite and zinc 

blend crystalline structure. At room temperature, it has an extensive band gap energy 

3.37 eV and high exciton binding energy 60 meV [5]. However, because of its wide 

band gap, it can only consume radiation of the ultraviolet region in the solar light 

which purview its photocatalytic application under UV irradiation of photo-induced 

holes and reduced electrons. Along with these behaviors of zinc oxide the adaptability 

of an electron-hole pair, production is of fundamentally important. The speedy 
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recombination of the photoproduced electron-hole pair is a preeminent drawback of 

zinc oxide catalyst due to this reason its decrease of their photocatalytic activity [6]. 

In the procedure to upgrade the photocatalytic activities of ZnO by numerous 

approach like alteration of ZnO by non-metal doping [7], hybridized with the 

extension of transition metal ions [8, 9], noble metals [10], graphene [11], graphdyine 

[12] and mixing with different semiconductor such as ZnO/TiO2 [13], ZnO/SnO2 [14], 

and SnO2/ZnO [15]. 

In modern generation, copper oxide (CuO) has drawn more consideration by 

cause of its p-type multifunctional semiconductor behavior and its broad range of 

applications like sensors, super capacitors, field emissions, Li-batteries, and catalysis 

because of its pleasant characteristic along with direct band gap (~1.2 eV), low-

toxicity, chemical inertness, extraordinary thermal and electrical conductivities, 

natural abundance and environmental benignity [16-21]. Due to very small band gap 

energy, the photocatalytic application of pure CuO has not been investigated as ZnO 

or TiO2 because of its instantaneous recombination of photogenerated electron-hole 

pairs [20, 22-27]. To prevent the mentioned shortcoming, a combination of CuO with 

a new semiconductor material will implement an adequate path street for valuable 

charge separation, and enhanced the lifetime of the photogenerated charge exciton and 

improved its photocatalytic properties. 

In the current time, composites materials are frequently synthesized with CuO, 

as a co-catalyst to boost their photocatalytic ownership of other semiconductors such 

as TiO2 [28], ZnO [29], Fe2O3, BiVO4 [30], ZnS [31]. T. Chang et al. informed that 

hydrothermally synthesized ZnO/CuO nanocomposite for the decolourization of 

methyl orange (MO) and methylene blue (MB) [32]. R. Saravanan al. also reported 

that the synthesis of ZnO/CuO composite by the thermal decomposition technique for 
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photodegradation of MB and MO [33]. In the best of our knowledge coupling of CuO 

with ZnO for improving the photocatalytic ownership of ZnO for the decolorization of 

Congo Red (CR) remains unfamiliar. For the synthesis of composites materials with 

CuO, ZnO can also be a reasonable semiconductor material since it maintains 

convenient band edge position with respect to CuO, i.e., the position of both the 

valence band (VB) and conduction band (CB) of CuO raise above as compare to ZnO, 

which thermodynamically support the relocation of excited electrons and holes 

between them [29]. Accordingly, ZnO/CuO composites were prepared by simple co-

precipitation method, and their photocatalytic action was evaluated using Congo red 

dyes as hazardous materials under the radiation of normal sun-light in the existence of 

oxidizing agent like H2O2. Experimental outcomes exposed that the prepared 

ZnO/CuO nanocomposites have remarkable photocatalytic properties than bare ZnO 

and CuO, and the mechanism of improved photocatalytic presentation of ZnO/CuO 

composites was explained in detail. 

4.2. Experimental Section: 

4.2.1. Chemical and Material: 

Analytical grade zinc sulfate heptahydrate (ZnSO4.8H2O), copper chloride 

dihydrate (CuCl2.2H2O), sodium hydroxide (NaOH), Congo red (C32H22N6Na2O6S2) 

(CR) and glycine (C2H5NO2) was obtained from Merck India and used without further 

purification. Double de-ionized water was used as solvents. All the glassware’s were 

rinsed and cleaned by concentrated acid. The dried glassware’s were used in all the 

experiments. 

4.2.2. Preparation of Zinc Oxide nanoparticles (ZnO NPs): 

For the preparation of ZnO, 50 ml solution of ZnSO4.7H2O (0.3 M) was 

sonicated prudently for 30 min in the ultrasonic cleaner. 50 ml of 0.3 M solution of 
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urea (NH2CONH2) was added carefully into the above zinc sulfate solution and stirred 

vigorously on the digital magnetic stirrer. Then 0.5 M NaOH solution was sensibly 

added to the above precursor solution under forceful stirring till 11 pH. The reaction 

mixture was refluxed for 1 h at 80 ˚C. The as-prepared precipitate was kept at room 

temperature for cooled down naturally then filtrated and washed numerous times with 

double deionized water to remove the impurity and finally with acetone until 

neutralization. The precipitate was dried at 80 ºC in the electric oven. 

4.2.3. Preparation of Copper Zinc Oxide (ZnO/CuO) nanocomposites: 

In the typical synthesis process, 25 ml of 0.5 mole ZnSO4.8H2O and 25 ml of 

0.5 moles of CuCl2.2H2O solution were mixed and vigorously stirred on the magnetic 

stirrer for 30 min. the clear blue solution obtained. After the completion of stirring 

added 4.0 M sodium hydroxide solution till the pH of reaction mixture goes to 11 then 

the color of reaction mixture changes from blue color to dark blue color. After the 

complete addition of sodium hydroxide, the reaction mixture was heated at 120 °C for 

2hrs, the blue precipitate was formed. The as-prepared precipitate was kept on room 

temperature to cool down naturally. The products were filtered, washed numerous 

times with deionized water and dried at 80°C in the electric oven to obtain a blue 

powder of copper zinc oxide nanocomposites. The obtained product was calcined in 

the muffle furnace at 400°C for 4hrs. 

4.3. Characterization: 

The structural estimation of the materials was carried by Powder X-ray 

diffraction (XRD) patterns, collected at room temperature using a Rigaku High 

Resolution 12 kW X-ray diffractometer. Advance diffractometer system engaging a 

monochromatized Cu Ka radiation (λ= 1.54056 Å) source. Optical absorption 

spectrum examination was carried by carry 100 UV-visible spectrophotometer. A 



Chapter 4 

137 

diluted and well-suspended solution of NPs and nanocomposite in absolute ethanol 

was required for the absorption spectral investigation. External morphology, 

crystalline structural intactness and orientation of synthesized materials are exposed 

by Scanning electron microscopy (SEM) and the stoichiometric chemical 

compositions of the synthesized copper zinc oxide nanocomposites (ZnO/CuO) were 

studied with the help of energy dispersive analysis of X-ray electron diffraction for X-

ray analysis (EDX) measurements were achieved with a JEOL JSM 6610 at 20 kV. 

Then the distribution of pore size and specific surface areas of the materials were 

investigated from the consequence of N2 adsorption-desorption measurement at 77 K 

(BELSORP MINI II) by using the BET (Brunauer-Emmett-Teller) and BJH (Barrett-

Joyner Halenda). 

4.3.1. Photocatalytic activity: 

The photocatalytic behaviour of the prepared samples was considered by 

photodecolourization of Congo red (CR) organic dye in an aqueous medium in solar 

light interaction. The reaction scheme containing a 350 W Xe lamp, specific quartz 

reactors (50 mL) and a water cooling equipment etc. 50 mg of each synthesized 

sample was added in 100 mL of CR aqueous solution (1×10-5 M) separately. Initial 

pH value of CR dye solution is about 5.6. This mixed solution was sonicated for 30 

min in the absence of light to reach an adsorption-desorption equilibrium. To establish 

the proper mixing of ZnO NPs, ZnO/CuO composite and CR solution keep a constant 

concentration of dissolved oxygen, the reaction solution was agitated by supplying air 

properly during the complete reaction. After a 5-minute time interval, a small amount 

of the solution was pipetted out, centrifuged and its absorbance spectrum was 

measured on UV-Visible spectrophotometer to calculate the percentage degradation. 

The degradation efficiency η (%) of CR solution can be measured according to Eq. 

(1). 
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Where Co represents the initial concentration of CR in the solution (mg L-1) and Ct is 

the concentration of CR at time t (mg L-1). 

4.4. Results and Discussions: 

4.4.1. X-ray Diffraction (XRD) analysis: 

The structural features like crystal structure and purity of the synthesized bare 

and nanocomposites materials were investigated using X-ray diffraction 

characterization technique. Figure 4.1 shows the XRD patterned of (Figure 4.1 a) ZnO 

NPs and (Figure 4.1 b) ZnO/CuO nanocomposites materials. All the peaks in the 

XRD patterned are very sharp and intense which demonstrate that the nature of the 

samples is good crystalline. The XRD pattern of ZnO nanoparticles (NPs) (a) which 

contain the following diffraction peak position of 2θ degree values at 31.80˚, 34.51˚, 

36.21˚, 47.52˚, 56.61˚, 62.90˚, 67.91˚, and 69.92˚, with corresponding miller indices 

(hkl) values of (100), (002), (101), (102), (110), (103), (112), and (201), respectively 

indicate the hexagonal structure (JCPDS card no 800075, a=3.253, and c=5.209 with 

space group p63mc) of ZnO NPs. The two other peaks instead of ZnO NPs was found 

which is main characteristic peaks for CuO in the sample at 39.21˚, and 53.89˚, which 

correspond to (111), and (020) which indicate that monoclinic phase (JCPDS card no. 

021041, a=4.65, b=3.41, and c=5.11, β=99.48, with space group C2/c) of CuO on the 

addition of copper chloride in the aqueous solution of zinc sulphate. From the XRD 

pattern, it confirmed that two different group of peaks corresponding to the zinc and 

copper oxide could be clearly distinguished. 
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Figure 4.1: X-ray diffraction patterned of ZnO nanoparticle and ZnO/CuO 

nanocomposites prepared by simple chemical method and calcination at the 400˚C. 

 

The bond length (L) and volume (V) was calculated of the unit cell for a 

hexagonal system with the help of Eq. (4.6-4.8) [34]. 
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The lattice parameters a and c, arranged in Table 4.1, are determined by the following 

expression [35] 
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The calculated values of the lattice parameters (a, c and c/a) have been achieving to be 

in a good agreement with the standard data, JCPDs card no: 800075. It is well 

recognized that alteration of (c/a) ratio indicates the deformation in the structure of 

the material. Hence, the variation in the value of the c/a ratio indicates that insertion 
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of Cu in the ZnO nanoparticles does make the noticeable deformation in the lattice 

due to the slight difference in the size of the Cu2+ and Zn2+ ions. 

The internal lattice strain (microstrain) is responsible for the broadening of the 

XRD peak due to a large fraction of surface atoms without altering the peak location. 

Microstrain of any material is suggested as the root mean square value, (ε) and hence 

it always a positive value. Commonly, the microstrain is attributed to imperfection in 

crystal, such as the additional volume of grain boundaries, vacancy clusters and 

vacancies and dislocations. Therefore, nanoparticles samples which have a small size 

and microstrain sponsor to the broadening of the XRD peaks [36]. The broadening 

because of microstrain is produced by the inconsistent displacements of the atoms 

related to their lattice locations and the microstrain is revealed as lattice defects [37] 

which are liable for numerous uncommon chemical and physical properties of 

nanostructures. In the current study, the microstrain (ε) was calculated by using the 

following relation 

cos

4

 
                                                                                                            (4.10) 

The dislocation density (δ) of ZnO nanoparticles was estimated applying Williamson 

and Smallman’s method 

2

n

D
                                                                                                                  (4.11) 

Where n is a constant usually close to one [34]. 

The above investigation can summarize in a Table 4.1 that indicates the instantaneous 

variation of both the crystallite size D and lattice strain ε with adding the source of Cu 

in our material. It is recognized that adding the Cu content leads to decrease in the 

crystallite size and an increase in the lattice strain. Furthermore, Table 4.1 

recommends an increase in the dislocation density (δ) of grain boundaries as the Cu2+ 
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increases which can be recognized to the fast anisotropic growth of the grains induced 

by the Cu ions in a preferred orientation. 

Sample 2θ D 

(n

m) 

Lattice Parameter V(Å3) L 

(Å) 

ε x 

10-

4 

δ x 

1014 

line/

m2 

SBET(m2

g-1) 

d(n

m) 

Vg 

(cm3

g-1) 
a 

(Å) 

c 

(Å) 

c/a 

(Å)  

ZnO 36.2

10 

46.

9 

3.2

53 

5.2

09 

1.60

12 

47.735

38 

2.69

10 

7.

48 

4.55 4.71 12.6

4 

0.03

8 

ZnO/C

uO 

36.2

15 

10.

3 

4.6

5 

5.1

1 

1.09

89 

95.685

18 

2.91

84 

7.

95 

94.2

6 

84.53 1.64 0.03

6 

 

Table: 4. 1. Diffraction angle (2θ) value, crystalline size (D), lattice parameter (a, c, 

c/a), volume (V) of unit cell and Zn-O bond length (L), dislocation density (δ) BET 

surface area (SBET) pore size (d) and pore volume (Vg) of ZnO and ZnO/CuO 

nanocomposite materials. 

 

The crystallite size (D) has been determined from the Debye-Scherer equation [38]. 

cos

k
D



 
                                                                                                              4.11) 

Where k is the shape factor (taken to be 0.9) λ is the wavelength of the incident 

radiation equal to 1.534 (in Å), β is the full width at half maxima (FWHM) and θ is 

the Braggs diffraction angle. The average particles size of ZnO NPs and ZnO/CuO 

nanocomposites was calculated to be 46.9 and 10.3 nm respectively. 

4.4.2. Scanning Electron Microscopy (SEM image) and EDX analysis: 

The structural morphology of chemically synthesized nanomaterial ZnO and 

ZnO/CuO composite sample have been examined by SEM image and EDX that are 

shown in Figure 4.2 (a-d) respectively. Figure 4.2a shows that the clear hexagonal 

structure of pure ZnO NPs whereas the highly magnified image Figure 4.2b distinctly 

denoted that the single hexagonal nanostructure. It was found that the addition of CuO 

and calcination up to 400 ºC for the formation of ZnO/CuO composite sample, the 

morphology of the composite have been changed from hexagonal to the nano grain 

like structure with the uniform production of nanopowders are shown in Figure 4.2 c 
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and highly resolved image in Figure 4.2d. R. Saravanan et al. was reported that the 

nanorods like ZnO/CuO nanocomposites material fabricated by the decomposition 

method [33]. K. vijayalakshmi and K. karthick were also reported that the flower-like 

agglomerate nano-flack like the structure of ZnO/CuO composite synthesized by 

facile microwave irradiation method [39]. Thus the addition of CuO may affect the 

morphology and size of ZnO by its immersion in the nucleation and growth. It is 

evident from the XRD analysis and SEM image that the size of ZnO NPs decreases 

with the formation of ZnO/CuO composite material. 

 

Figure 4.2: The SEM images of (a) ZnO NPs, (b) high magnified ZnO (c) ZnO/CuO 

(d) high magnified ZnO/CuO nanocomposites. EDX spectra of (e) ZnO, (f) ZnO/CuO 

nanocomposites. 

 

The elemental compositions of synthesized ZnO NPs and ZnO/CuO composite 

were investigated by EDX spectra. Respective EDX spectra of ZnO NPs and 

ZnO/CuO composite were represented in Figure 4.2 (e-f). It was found that in ZnO 

NPs the peaks corresponding to Zn:O ratio in the material is relatively 1:1, suggesting  

that confirm the material is composed of Zn and O elements in 1:1 ratio (Figure 4.2 e) 

and ZnO/CuO composite were composed of Zn, Cu and O without having any 

impurity element and this is consistent with the XRD analysis. 
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4.4.3. Transmission electron microscopy (TEM image) analysis: 

 The morphological and the internal structural examination of ZnO and 

ZnO/CuO composite has further investigated by high-resolution transmission electron 

microscope (HRTEM) micrograph analysis. However, a large number of similarity 

was found in the SEM image and HRTEM image of the prepared materials. The 

Figure 4.3 a shows the HRTEM images of ZnO NPs and Figure 4.3 b-c shows 

HRTEM image of ZnO/CuO composite materials. The HRTEM micrograph of ZnO is 

clearly shown the knife like structure is clearly observed. Thus from HRTEM image, 

it is cleared that the hexagonal structure of ZnO was formed by the association of a 

large number of knife like the structure of ZnO NPs. However, the HRTEM image of 

ZnO/CuO composite sample indicates the spherical structure (Figure 4.3 b-c) with a 

diameter in the range of 10-15 nm which is a very close agreement with the size 

calculated from XRD data. The selected area electron diffraction patterned (SAED) 

(Figure 4.3d) shows that polycrystalline nature of the ZnO/CuO composite materials. 

 

Figure 4.3: TEM image of (a) ZnO NPs, (b-c) ZnO/CuO nanocomposites (d) SAED 

pattern of ZnO/CuO composite. 
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4.4.4. Surface area measurement analysis: 

The porosity and surface area of as-prepared ZnO NPs, and ZnO/CuO 

composite were calculated by nitrogen adsorption-desorption isotherm adopting 

Brunauere-Emmette-Teller (BET) method. On the basis of the IUPAC classification, 

the obtained isotherms of ZnO NPs (Figure 4.4 a) and ZnO/CuO composite (Figure 

4.4 b) that’s both are of type IV with precise H3 loops of hysteresis, informed that the 

mesoporous nature of ZnO NPs and ZnO/CuO composite (Figure. 4.4). The average 

pore diameter size (d), specific surface area (SBET) and pore volume (Vg) are reported 

in Table 4.1. The BET specific surface area of ZnO NPs and ZnO/CuO composite is 

4.71 m2g-1 and 84.53 m2g-1 respectively (Table 4.1). Inside the Figure. 4.5 shows the 

pore size distribution patterned by applying the BJH equation from the desorption plot 

of the isotherm. The pore size distribution calculation demonstrates that the ZnO 

(inside the Figure 4.4 a) NPs and ZnO/CuO (inside the Figure 4.5 b) composite have 

described mesoporosity of precise pore size distribution with average pore diameter 

around 6.06 nm. ZnO/CuO composite has a narrower pore size distribution as a 

comparison to the ZnO NPs and smaller pore diameter, which results from the 

adjacent coupling by interactions between CuO and ZnO nanoparticles in ZnO/CuO 

composite (Figure 4.4 b). Therefore, ZnO/CuO composite can contribute more active 

sites and adsorb more reactive species because of the narrower pore size distribution 

and larger BET surface area [40]. 
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Figure 4.4: N2 adsorption-desorption isotherms and the corresponding pore size 

distribution curve of (a) ZnO NPs (b) ZnO/CuO nanocomposites. 

 

4.4.5. UV-Visible absorption study: 

The UV-visible absorption spectrum of chemically synthesized ZnO NPs and 

ZnO/CuO composite was recorded for the investigation of optical properties by 

dispersing the materials in distilled water and using distilled water as a reference in 

the wavelength range 300-700 nm at room temperature and shown in Figure. 4.5. As 

can be observed, the UV-visible absorbance spectra shift to longer wavelength (red 

shift) when the addition of a solution of copper chloride in an aqueous solution of zinc 

sulfate. For both material ZnO and ZnO/CuO, a broad shoulder appears between 357 

nm to 428 nm with a long tail extending to a longer wavelength. Therefore, the 

synthesized both material could be used as an optically transparent material for the 

transmission of infrared as well as visible light without any contracting. The 

absorbance spectra of bare ZnO, the absorbance band was closely viewed at 368 nm 

which is in correspondence with a previous reported by Geeta Devi et al. The 

spectrum indicates a peaks at wavelength 378 nm which is a characteristic absorption 

peak of ZnO corresponding to the intrinsic band-gap absorption due to the electron 

transitions from the valence band to the conduction band (O2p → Zn3d) [41]. A red 

shift (increasing of wavelength ) in the absorbance of ZnO/CuO composite was 
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observed in the absorbance spectra which may be due to the adding of Cu2+ inside the 

band gap and spreads the absorption edge from UV to visible region during formation 

of ZnO/CuO composite. Due to the formation of this novel energy level below 

conduction band of ZnO, the required energy for the transition from valence band to 

conduction band is lowered than that of pure ZnO [42].  

 

Figure 4.5: UV-Vis spectra of ZnO nanoparticles and ZnO/CuO nanocomposites 

prepared by the simple chemical method and calcined at 400˚C. 

 

The presence of a long tail in the UV-vis absorption spectra may have 

happened because of scattering from the surface of the NPs as well as composite 

materials. The Tauc plot method is used to calculate the direct bandgap energy of 

photocatalysts by plotting (αhν)2 versus photon energy (hν) (eV) and results were 

presented in Figure 4.6. The optical direct band gap of bare ZnO is 3.31 eV, and the 

direct optical band gap for ZnO/CuO composite is changed from 3.31 to 3.0 eV, 

which is in close agreement with its visible light absorption capability. 
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Figure 4.6: Tauc plot for ZnO NPs and ZnO/CuO composite. 

4.4.6. Photocatalytic activity of ZnO and ZnO/CuO nanocomposites: 

The photocatalytic behaviour of these synthesized materials have been 

assessed by the modification in the absorbance of CR by the illumination of visible 

light irradiation for various time intervals is represented in the Figure. 4.7. The 

extreme photocatalytic activity is attained for ZnO/CuO composite material compared 

to bare ZnO NPs due to the huge surface area as shown in table 4.1. From the 

previous research, it is better to understand that the redox reaction primarily takes 

place during the photocatalytic reactions, on the surface of the photocatalysts, so the 

surface properties principally affect the performance of photocatalysts [33]. There is 

some researchers group have used ZnO/CuO for the catalytic photodecomposition of 

different types of dyes (RhB, Acid red88, Cr(VI), Acid Orange 7 and Methyl Orange) 

in the recent past under UV and visible light irradiation [43]. Normally, the composite 

materials disappear improved photocatalytic application than the single-phase ZnO. 

Afterward, the radiation of the visible light at 50 min, the photocatalytic discoloration 

of CR over the single phase ZnO is very low as 25% and the ZnO/CuO composites 
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materials disappear relatively high photocatalytic performance with a degradation 

ratio of 91 %. It is proof that the degradation efficiency of the composites materials 

for CR decompositions are as high as 91.0%.  

 

Figure 4.7: UV-vis absorption spectra of CR dye by photocatalysis (a) ZnO NPs and 

(b) ZnO/CuO nanocomposites for different irradiation times under visible light 

irradiation. 

 

The mechanism of composite photocatalyst ZnO/CuO is mainly elaborated by 

the given below relation based on previous reports. 

ZnO (e‒+ h+)/CuO (e-+ h+) → ZnO (e‒ + e‒)/CuO (h++ h+)                                    (4.12) 

h+ + OH‾→ OH•                                                                                                      (4.13) 

e‾ + O2 ‾→ •O2‾                                                                                                      (4.14) 

H2O + •O2‾ → OOH• + OH‾                                                                                   (4.15) 

2OOH• → O2 + H2O2                                                                                              (4.16) 

H2O2 + •O2‾→ OH• + OH‾ + O2                                                                            (4.17) 

OH• + •O2 + h+
VB + pollutants → degrade pollutant                                              (4.18) 

OH• + •O2 + h+
VB + degrade pollutant → CO2 + H2O                                            (4.19) 

To explain the mechanism of photocatalytic phenomena on the surface of the 

synthesized nanocomposites of CuO-ZnO p-n heterojunction, we take into 



Chapter 4 

149 

explanation the band gap energy diagram of ZnO as well as CuO. The explanation of 

phenomena of photodegradation on the surface is explained qualitatively in scheme 

4.1. 

 

Scheme 4.1: Schematic presentation of band diagram, transfer of electron/hole and 

associated redox reaction on the surface of ZnO/CuO nanocomposite in presence of 

aqueous dye solutions. 

 

On exposing the UV-visible light on the ZnO/CuO composite, the UV region 

light generates electron-hole pairs at ZnO and visible region of light at CuO. Here, 

CuO is a part of the composite materials absorbs visible part of the light and leads to 

maximum carrier formation in CuO. The fundamental character of CuO is in the 

construction of a p-n junction with ZnO, which employs contraction of band and 

hinders the recombination of charge carrier, as well as, the creation of defect levels in 

ZnO during the addition of Cu2+ ion in the solution of zinc sulphate which trap the 

photogenerated electrons and holes to supports the catalytic mechanism [44, 45]. It is 

commonly acknowledged that the presence of defects on the surface in ZnO is 

profitable to increase the photocatalytic performance. Many previous researchers 

reported that [46], the presence of these second band gap defect levels along to the 

decreased energy compare to the concrete band gap can support for fascinating light 
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in the visible region and construct ZnO a fractionally visible or near UV active 

material. There are no changes in the band gap energy on the creation of impurity 

level when the concentration of oxygen vacancy is low. However, the concentration 

of oxygen vacancies increases, the presence of impurity levels leading to more 

delocalized and overlap with the valence band edge, resulting band gap decreases by 

increasing the valance band position, and forming ZnO material as a visible active 

material [47]. The photocatalytic performance of defects on the surface of ZnO can 

further be described by Zheng et al. in his proposed model [44]. According to them, in 

the presence of a convenient surface defect at the surface of materials, the electrons 

and holes generated by the irradiation of light can get trapped in these surface defect, 

inhibit the recombination process and support the catalysis related redox reaction. 

Fundamentally two types of defect energy levels, Vo′′ and Oi′′. In this Vo′′ is generally 

called as electron acceptors and traps the photogenerated electrons provisionally, and 

Oi′′ is known for the hole acceptor. By the separation of photogenerated electrons and 

holes, the defect levels Vo′′ and Oi′′ of ZnO inhibits their recombination which 

increases their reductive (by electrons) and oxidative (by holes) degradation 

properties. All the degradation processes might happen on the surface of Vo′′ and Oi′′ 

defects and the presence of oxygen vacancies in ZnO can also behave as active sites 

for such photocatalytic processes. On merging a lower band gap semiconductor CuO 

with huge band gap ZnO junction is obtained and narrow in the band gap occurs. 

Hence, the electrons produced from the conduction band (CB) of CuO are transferred 

to the CB of ZnO and the holes created in the valance band (VB) of ZnO by UV/Vis 

absorption, are pushed to the VB of CuO by crossing the depletion region. Such type 

of relocation of electrons and holes along with their likelihood of the respective defect 

levels decrease the chance of electron-hole pair recombination. This makes electron 
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rich ZnO and holes rich CuO. The electrons and holes thus produced, react with 

oxygen and water present in the dye solution forming hydroxide radicals (•OH) and 

superoxide anion radical (•O2-) which behave as the oxidizing and reducing species, 

respectively, in photocatalysis of the organic contaminants. The series of reactions 

involved in the mineralization and loss of aromatization process via ring cleavage by 

the redox process can be represented in the following equation (12-19). 

 

Figure 4.8: Decomposition rates of the CR solution with pure ZnO NPs and 

ZnO/CuO composites materials. 

 

The kinetic study of the synthesized catalyst for the photodegradation of CR 

was measured by Langmuir-Hinshelwood equation: 

ln (C/Co) = -kt 

Where Co is the initial concentration of CR dye before irradiation of light (mg L-1) 

and C is the concentration of dye after irradiation (mg L-1) at a time t (min-1) [48]. The 

rate constant k (min-1) of the photo-degradation of dye could be achieved to the slope 

of the graph by obtaining a graph between ln (C/Co) and time t (Figure 4.8 & 4.9). 

This linear graph indicates that the degradation kinetics follows the first order 

kinetics. From the above graph, the rate constant values for ZnO and ZnO/CuO 
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catalysts have been determined as, 0.0054 and 0.045 min-1 respectively. The results 

showed that ZnO/CuO is an attractive photocatalyst and the trend of photocatalytic 

activity of these materials follows ZnO/CuO > ZnO for the degradation of dye CR. 

 

Figure 4.9: Fist order kinetic plot of logarithm of C\Co vs different time (min) under 

visible light irradiation 

 

4.5. Conclusion: 

In the current investigation, we have synthesized ZnO NPs and ZnO/CuO 

nanocomposites by simple chemical co-precipitation method and calcination at 400 ˚C 

for 4hrs. The prepared material characterized by using X-ray diffraction, SEM, 

HRTEM, BET, and UV-Visible analysis. The size of the ZnO NPs and ZnO/CuO 

composite catalyst particles is uniform in size and particle sizes varied from 46.9 to 

10.3 nm by X-ray diffraction analysis. Hexagonal structure of ZnO and grain like 

ZnO/CuO composite of photocatalyst was identified by SEM analysis. HRTEM 

images confirm the hexagonal structure of ZnO is actually the aggregation of knife 

like the structure of ZnO NPs and grain like ZnO/CuO composite material is obtained 

by the agglomeration of spherical structures. BET analysis shows that the prepared 
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material is mesoporous material and also tells about the maximum surface area of 

ZnO/CuO composite. The coupled semiconductor composite material ZnO/CuO 

shown more photocatalytic degradation of Congo red in the visible light irradiation 

due to the maximum surface area and red shifting the wavelength range dominate to 

electron-hole pair separation under visible light irradiation. 
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Chapter 5  

Synthesis, Characterization and Visible Light Degradation of Organic dye by 

Chemically Synthesized ZnO/γ-Fe2O3 Nanocomposites 

In the present study ZnO/γ-Fe2O3 nanocomposites is prepared by the simple 

co-precipitation method. The prepared composites materials were characterized by X-

ray diffraction (XRD), high resolution scanning electron microscope (HRSEM), 

energy dispersive X-ray spectroscopy (EDX), Brunauer Emmett Teller analysis 

(BET), and UV-visible spectroscopy. XRD confirmed the formation of hexagonal 

wurtzite nature of ZnO and cubic structure of γ-Fe2O3 in the composite materials, 

while SEM images shown spherical and rod like structure. BET analysis confirmed 

the mesoporous behavior of nanocomposites. UV-Visible spectroscopy have been 

applied to the measurement of band gap and photo-oxidation behavior of organic dye 

methyl blue and rhodamine B (Rh B). Experimental data suggested that ZnO/γ-Fe2O3 

nanoparticles catalyst possessed the highest catalytic activity towards Rh B 

degradation in aqueous solution as comparison to the methylene blue at the tested 

concentration level of 1×10-5 M. 
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5.1. Introduction: 

Over the last several decades semiconductor materials such as photocatalysis 

has been intensively explored in the vision of its prospective properties towards the 

remediation of environmental contaminants and treatment of waste water [1]. 

Generally, semiconductors materials such as ZnO, TiO2, SnO2 etc. are UV light 

consuming photocatalyst and concerned as remarkable devotion from the scientists [2-

4]. Chakrabarti and Hong reported that ZnO is investigated to be a superior 

photocatalyst than TiO2 in the photocatalytic degradation of organic contaminants in 

the presence of UV and visible light irradiations [5, 6]. Zinc oxide (ZnO) is a low cost 

chemically stable and environmentally nontoxic n-type semiconductor material 

having a large band gap of 3.37 eV with a large excitation binding energy of 60 meV 

at room temperature which can be investigated to be a possible pathway in dye-

sensitized solar cells and photocatalysis [7] because of its strong metal support 

interaction (SMSI) properties. The exposer of UV light on ZnO semiconductor 

material, it has the capability to produced oxidative species like as hydroxyl radicals 

(•OH) and superoxide anions (O2•־), which display oxidative properties robust enough 

to oxidize certain organic contaminants. Consequently, to increase the photocatalytic 

proficiency and stability, it is of fundamental importance to quash the recombination 

of electron-hole pairs of ZnO. However, due to the wide band gap of ZnO materials 

their light absorption only in the UV spectral region of the solar spectrum and limits 

expenses of solar energy thus limits efficiency in sunlight. However, the improvement 

of photocatalytic activity of ZnO nanoparticles, under visible light radiation is highly 

desired. As comparison with a single semiconductor, photocatalysis compelled by 

composite semiconductors is also extensively studied to improve the photocatalytic 

activity in the visible region [8]. In the present period of time many researchers are 
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synthesize numerous type of zinc oxide nanocomposites like as ZnO/metal, 

ZnO/metal oxide and ZnO/polymer and doped with transition metals and non-metals 

to reduce the band gap and display visible light photocatalysis, because of the 

presence of intermediate states in the nanocomposite which engages visible light that 

stimulates electrons and holes in the photo reaction [9, 10]. Reddy et al. fabricated 

ZnO:RGO/RuO2 nanocomposites with outstanding degradation efficacy of methylene 

blue underneath simulated sunlight [11]. Eskizeybek et al. described photodegradation 

of organic dye malachite green (MG) and methylene blue in the presence of ordinary 

sunlight by adopting a polyaniline: ZnO nanocomposite [12]. And Saravanan, et al. 

described that superior degradation of methyl orange and methylene blue under 

visible light condition by of polyaniline (PANI)/ZnO nanocomposite system [13]. 

Hence, the present work is mainly concentrated on the simple fabrication of 

ZnO/γ-Fe2O3 nanocomposites by chemical co-precipitation method and examination 

its catalytic activities were investigated for the photo-degradation of a model organic 

dye rhodamine B and methylene blue under visible light irradiations. The synthesized 

nanocomposites materials were characterized by Powder XRD, UV-vis, HRSEM, 

BET, and EDAX. The photodegraded samples were analyzed by UV-Visible 

spectroscopy. 

5.2. Experimental Section: 

5.2.1. Chemical and materials: 

All the required chemical reagent are analytical grade as zinc (II) sulphate 

heptahydrate (ZnSO4.7H2O), Iron (II) sulphate heptahydrate (FeSO4.7H2O), 

Rhodamine B and methylene blue was purchased from Merck India, sodium 

hydroxide (NaOH) powder was purchased from MP Biomedical LLC India and used 

without further purification. Double de-ionized water was used as solvents. All the 
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glassware’s were cleaned and rinsed by concentrated acid. The dried glassware’s were 

used in all the experiments. 

5.2.2. Synthesis of zinc oxide- iron oxide (ZnO/γ-Fe2O3) nanocomposites: 

The nanorod and nano-spherical mixed like ZnO/γ-Fe2O3 was synthesized 

from its precursor through a simple chemical co-precipitation method. In the typical 

synthesis process 25 ml of 0.5 mole ZnSO4.7H2O and 25 ml of 0.5 mole of 

FeSO4.7H2O solution were mixed and stirred on the magnetic stirrer for 30 min, clear 

solution obtained. The obtained clear solutions were placed in an ultrasonic cleaner 

operating at 57 kHz for 2 h. After the completion of sonication the mixed solutions 

were continuously again stirred for 30 min then a suitable amount of NaOH solution 

in an obtained aqueous solution was added to the mixed solutions until a pH of 12 was 

reached. The resulting reaction mixture was stirred for 30 min, and then it was 

allowed to aging at room temperature for 18 h. Next, the solution was centrifuged and 

washed several times with ethanol and distilled water and finally with acetone to 

remove unwanted impurities. The final product was dried in a muffle oven at 200 ᵒC 

for 1 h yielding the brown ZnO/γ-Fe2O3 nanocomposites powder. 

5.2.3. Characterization: 

The vastly visible light dynamic nanocatalyst was synthesized by a simple 

chemical co-precipitation method and characterized by powder X-ray diffraction 

(XRD), Ultraviolet-visible spectroscopy (UV-Vis), High Resolution Scanning 

Electron Microscope (HR-SEM), Energy Dispersive X-ray Spectroscopy (EDAX), 

and Brunauer-Emmett-Teller (BET) surface area investigation was accompanied by 

using the nitrogen absorption-desorption measurement at 77 K (BELSORD mini, 

Japan). The photocatalytic ability of the prepared materials was examined using 

Rhodamine B and methylene blue organic dye pollutants. The measurement of the 
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photo-degradation ability of the catalyst was estimated by using UV-Vis spectroscopy 

(Carry 100). 

5.2.4. Study of photocatalytic activity: 

The application of the synthesized materials was concluded by photo-

degradation of Rhodamine B and methylene blue in presence of visible light radiation 

in a photocatalytic chamber. 20 mg quantity of prepared ZnO/γ-Fe2O3 catalyst was 

initially dissolve in 100 ml of 1×10-5 M, Rhodamine B and methylene blue standard 

solution and mixture of the solution was stirred for 30 min in the dark condition in 

order to attaining the adsorption-desorption equilibrium. Finally the solution was 

irradiated with visible light from the fluorescent lamp (9W) in a photocatalytic 

chamber. The solution was agitated, during irradiation by using a magnetic stirrer and 

air was supply into the reaction mixture to implement a constant supply of oxygen. 

After the preferred time interval, an aliquot amount of the solution was withdrawn, 

centrifuged and take its absorbance on UV-visible spectrophotometer to measure the 

percentage degradation. The degradation efficiency of photocatalytic was measured 

by applied the following equation: 

0

0

(%)degradation 100tA A

A

  
   
   

 

Where A0 represents the initial absorbance of the dye solution and At; the absorbance 

after irradiation at a particular time t. 
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5.3. Result and discussion: 

5.3.1. XRD analysis: 

XRD patterns of the ZnO/γ-Fe2O3 nanocomposites materials are shown in 

Figure 5.1. A series of characteristic peaks 31.76, 34.40, 36.24, 47.61, 56.61, 62.89, 

66.41, 67.93 and 69.72, which are corresponds to the Miller indices (100), (002), 

(101), (102), (110), (103), (200), (112) and (201) were observed and they were in 

accordance with wurtzite phase (JCPDS no. 76-0704) of ZnO, presence of other peaks 

at 18.31, 30.10, and 43.12 correspond to the Miller indices (111), (220) and (400) 

planes of γ-Fe2O3 phase with cubic phase (JCPDS no. 85-1436) indicate that the 

above material is ZnO/γ-Fe2O3 composite. The average particle sizes (94 nm) of 

ZnO/γ-Fe2O3 were calculated using Scherrer's equation (5.1): 





cos

9.0
D                                                                                                             (5.1) 

Where λ denotes the wavelength of the radiation equal to 0.154 nm, β is the full width 

at half maximum and θ is the half diffraction angle. 

 

Figure 5.1: XRD pattern of ZnO/γ-Fe2O3 composite 
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5.3.2. SEM image analysis: 

HR-SEM images of ZnO/γ-Fe2O3 nanocomposites are shown in Figure 5.2(a). 

HR-SEM images which shows the morphology of the prepared nanocomposites 

material. It display that the more nanocomposites material carry a uniform spherical 

and some rod-like structure in the morphology and the size of the particles are in nano 

ranged. A closer examination reveals that these nano-spherical are actually composed 

of small ZnO nanoparticles leading to a relatively rough surface. 

A comprehensive chemical composition analysis of the nanomaterial was 

carried out with energy dispersive spectroscopy (EDS) and elemental mapping Figure 

5.2 (b-e) shows the presence of 54.88 wt% of Fe, 31.58 wt% of Zn and 5 wt% of O in 

the EDS spectrum. The presence of Fe, Zn, and O specified the production of the 

ZnO/γ-Fe2O3 nanocomposite. The elemental mapping (area) achieved from EDS 

analyses display that Fe, Zn, and O are homogeneously dispersed in the ZnO/γ-Fe2O3 

nanocomposite. The point EDX investigation also specifies the presence of Fe, Zn, 

and O in the materials, which again validates the homogeneous composition of the 

nanocomposite. 

 

Figure 5.2: (a) HRSEM image (b) EDX spectra (c-e) X-ray elemental mapping of 

ZnO/γ-Fe2O3 composite. 
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5.3.3. BET analysis: 

The surface properties of ZnO/γ-Fe2O3 catalyst were investigated by using 

BET surface area analyzer to calculate the surface area of the samples. Figure 5.3 

shows the isotherms of N2 adsorption-desorption have been used to determine surface 

area of ZnO/γ-Fe2O3 material at liquid nitrogen temperature and the Barret-Joyner-

Halenda (BJH) method was used to evaluate the pore size distribution. The pore size 

distribution curve indicates that pores are mainly two type and their size lies in 

mesoporous range. Hysteresis is observed as a result of pore filling and emptying 

processes occurring separately, as shown in Figure 5.3. N2 adsorption-desorption 

isotherm display a Type IV hysteresis [14], characteristic of mesoporous materials 

with a H2 type hysteresis loop [15] typical for non-uniform shape and size of pore 

channels being fully consistent with the HR-SEM data. From BET evaluation of 

ZnO/γ-Fe2O3 nanocomposites surface area is calculated 50.54 m2 g-1.  

 

Figure 5.3: Adsorption-Desorption plot of ZnO/γ-Fe2O3 composite 

5.3.4. Optical Properties: 

A little amount of synthesized sample (in milligrams) is dissolved in deionized 

water (3 ml) and sonicate until a clear solution is obtained. The UV-Vis spectra is 
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taken for the examination of the optical properties of ZnO/γ-Fe2O3 nanocomposites 

materials. Figure 5.4 demonstrate the UV-Vis diffuse reflectance spectra of the 

ZnO/γ-Fe2O3 composite. On the formation of ZnO/γ-Fe2O3 composite the wavelength 

absorption edge from 373 nm to 434 nm. Measurement of UV-Vis spectroscopy were 

applied for the calculation of direct band gaps of ZnO/γ-Fe2O3 with the following 

equation [16]: 

Eg = 1239.8/λ 

Where Eg is the band gap (eV) and λ is the wavelength (nm) of the absorption edges 

in the spectrum. Band gap energy of ZnO/γ-Fe2O3 nanocomposites is calculated to be 

2.85 eV. 

 

Figure 5.4: UV-Visible Spectrum of ZnO/γ-Fe2O3 composite. 

5.3.5. Photocatalytic Activity: 

 The photodegradation application of organic pollutants by the prepared 

ZnO/γ-Fe2O3 photocatalysts was considered by measuring photodegradation 

performance with their corresponding time dependent of methyl blue (MB) and 

rhodamine B (Rh B) in the presence of visible sun light shown in Figure 5.5. The 

degradation efficiency and rate of catalysis are surface area dependent phenomena 
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since electron hole pair transfer occurs at the surface [17]. BET surface area is used to 

estimate the surface properties as it holds a great significance in case of adsorption, 

heterogeneous catalysis reactions on material surfaces. The dye degradation is 

estimated in terms of the change in absorption at λmax = 668 nm for methylene blue 

and λmax = 544 nm for rhodamine B dye respectively. The degradation efficiency is 

calculated to be 30 % for the methylene blue and 50 % for rhodamine B. 

 

Figure 5.5: Photocatalytic degradation of (a) methylene blue and (b) rhodamine B 

organic dye. 

 

5.4. Conclusion: 

In the current experiment, we have fabricated ZnO/γ-Fe2O3 composite by 

chemical method. The prepared material was characterized by using X-ray diffraction, 

HRSEM, BET, and UV-Visible analysis. The size of the ZnO/ γ-Fe2O3 materials is 

uniform in size and particle sizes calculated to be 94 nm by X-ray diffraction analysis. 

Spherical and rod-like structure of ZnO/ γ-Fe2O3 composite was recognized by SEM 

analysis. The coupled semiconductor composite material ZnO/γ-Fe2O3 shown more 

photocatalytic degradation of rhodamine B as comparison to the methylene blue in the 

visible sun light irradiation. 
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Chapter 6 

Photoluminescence behavior and visible light photocatalytic activity of ZnO, 

ZnO/ZnS and ZnO/ZnS/α-Fe2O3 nanocomposites 

In order to achieve effective, economic, and easily synthesizable photocatalyst 

for the degradation of dye methyl orange (MeO). ZnO, ZnO/ZnS and ZnO/ZnS/α-

Fe2O3 nanocomposites photocatalyst have prepared by simple chemical synthetic rout 

in the aqueous medium. Phase, crystallinity, surface structure and surface behavior of 

the synthesized materials have been determined by X-ray diffraction (XRD) and 

Brunauer Emmett Teller analysis (BET) technique. XRD revealed that ZnO, ZnO/ZnS 

and ZnO/ZnS/α-Fe2O3 are good crystalline and in nano region. From the XRD 

patterned the percentage composition of photocatalyst have also been determined. 

From the BET analysis, the prepared materials shows mesoporous behavior 

containing type IV curves along with H4 hysteresis. The ZnO/ZnS/α-Fe2O3 composite 

sample shows more surface area as comparison to the other materials. From the UV-

visible spectra, the band gap energy of the materials have been determined. 

Photoluminescence spectra (PL) have been used to determine the emission behavior 

and explanation of the surface defect present on the surface of the composites 

materials. In PL spectra the intensity of UV peak of ZnO/ZnS is lowered than ZnO 

while in case of ZnO/ZnS/α-Fe2O3, the intensity become further decreased. The 

visible emission spectra of ZnO/ZnS is increases as comparison to ZnO NPs where 

ZnO/ZnS/α-Fe2O3 is further increases from ZnO/ZnS. The lowering of intensity of 

UV emission peak and increases of intensity of visible emission is the resultant of 

decrease of recombination of electrons and holes which indicates the enhanced the 

rate of photocatalytic reaction. The as synthesized composite materials have been 

used for the photocatalyst for degradation of dye MeO. The photo-degradation data 

revealed that the ZnO/ZnS/α-Fe2O3 is the best photocatalyst material among these 
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materials for the degradation of dye MeO. In the present work, ZnO, ZnO/ZnS and 

ZnO/ZnS/α-Fe2O3 nanocomposites have been synthesized via simple chemical co-

precipitation followed by calcination at 600 °C for 1/2 h. Nanocomposite powders 

were characterized by X-ray diffraction (XRD), scanning electron microscope (SEM), 

energy dispersive X-ray spectroscopy (EDX), particle size distribution, Brunauer 

Emmett Teller analysis (BET), photoluminescence and UV-visible spectroscopy. 

XRD confirmed the formation of crystalline nanocomposites while SEM images 

shown sheet-like ZnO and ZnO/ZnS and needle-like acicular ZnO/ZnS/α-Fe2O3 

nanocomposite. BET analysis confirmed the mesoporous behavior of nanocomposites. 

Optical properties and band gap energy of as synthesized materials were determined 

using UV-Visible spectral analysis. Photoluminescence spectra have been used to 

determine emission properties and photo-oxidation behavior of as synthesized 

materials for degradation of methyl orange. ZnO/ZnS/α-Fe2O3 nanocomposite 

exhibited the highest photocatalytic activity among the three samples for degradation 

of methyl orange (MeO). 
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6.1. Introduction: 

 With the development of industry and economy, environmental problems have 

become more and more vigorous in recent years [1]. Organic contaminants, which are 

resistant to environmental degradation, thus capable of remaining in the environment 

for a long period of time, are more injurious to living organism [2-5]. Semiconductor 

photocatalysis has emerged as one of the most promising technologies for 

environmental remediation because it removes waste from the environment without 

producing secondary pollutants. Since it is ultra-violet as well as solar light driven, 

nontoxic in nature, effective and economical, thus attracted great attention in recent 

years [6-7]. The operation of photocatalysis process by semiconductor materials is an 

easy and effective technique for eliminating a wide variety of organic contaminants 

[8-12]. Due to high excitation binding energy (60 meV) at room temperature, large 

direct band gap (3.37 eV), environmental stability, non-toxicity and low cost, ZnO is 

considered as a suitable photocatalyst for photodegradation of organic contaminates in 

ultra violet (UV) as well as visible region [13-15]. On exposure of UV-Visible 

radiation, ZnO is photo-excited and generates positive holes (h+
VB) in the valence 

band and negative electrons (e-
CB) in the conduction band. The thus generated 

electron-hole pairs either recombine or captured by other molecules, such as water or 

oxygen, forming reactive oxygen species (ROS) such as hydroxyl radical (•OH) and 

superoxide radical anion (•O2
−). Here (h+

VB) reacts with water to produce hydroxyl 

radicals (•OH), whilst the (e-
CB) reacts with O2 to form superoxide radical anions 

(•O2¯) and hydrogen peroxide (H2O2). The latter also can generate hydroxyl radicals 

(•OH). These ROS can destroy the structure of various organic pollutants, leading to 

the formation of carbon dioxide and water which are non-toxic for the environment 

[16]. 
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The photocatalytic utility of powdered nanomaterials has the two practical 

limitations; first the separation of fine particles after the treatment and recycling of the 

photocatalyst; and the second low photo-efficiency. Photocatalytic activity of wide 

band gap materials entirely depends on ultraviolet (UV) irradiation and restricts 

expense of solar energy, thus limits efficiency in sunlight [17-18], however, the 

enhancement of photocatalytic activity under visible light illumination is highly 

desired. For example, wide band gap energy of ZnO is suitable for absorption of UV 

light; however, it is too large to absorb visible light. Since the UV radiation 

contributes only 5 % to sunlight, the use of ZnO in sunlight has limited photocatalytic 

application. Number of manipulations; such as doping transition metal ions [19, 20] 

and merging of narrow band gap semiconducting materials [21] have been employed 

to achieve visible region activity. In this regard, many research works have been 

focused on ZnO modified with metallic elements to improve its photocatalytic 

performance. Further, the low dopability of metals to ZnO restricts its photocatalytic 

application [22]. The photocatalytic improvements have been achieved by addition of 

SnO2 [23], CdS [24] and GaN [25], a large number of binary composites such as 

Ag/ZnO [26], ZnO/CuS [27], ZnO/ZnS [28] and ZnS/CuS [29] and a small number of 

ternary nanocomposites such as TiO2-SiO2-Ag [30] and Ag2S-ZnO-ZnS [31]. 

Existence of defect states in ZnO creates defect energy levels between valance band 

and conduction band. These defect states act as trap centers for photogenerated 

electron and holes, thus slowing down rate of recombination of electrons and holes 

[32]. Moreover, defect states are manipulated by impurities doping [16]. A number of 

theoretical reports revealed that the band gap of ZnO/ZnS can be engineered to fall in 

visible range [33-35]. Saha et al. reported that in core-shell ZnO/ZnS, keeping core 

diameter of ZnO constant, the band gap decreased, as the shell thickness of ZnS 
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increased [36]. Pandey et al. reported that band gap of colloidal zinc oxysulfide is 

dependent on the sulfur composition and band gap (Eg) value of 2.7 eV could be 

achieved when sulfur composition reaches to 0.4 in ZnO1-xSx [37]. Although a large 

number of reports are available on mixed semiconductor heterostructures, however to 

the best of our knowledge, detailed optical study ZnO/ZnS and ZnO/ZnS/α-Fe2O3 

composites and their use as a photocatalyst for degradation of dye under visible light 

irradiation is still lacking. 

In this work, the influence of the thermal treatment on the properties of ZnO, 

ZnO/ZnS and ZnO/ZnS/α-Fe2O3 composites and their photodegradation efficiency for 

methyl orange have been investigated. 

6.2. Experimental: 

6.2.1. Materials: 

 Analytical grade zinc nitrate hexahydrate (Zn(NO3)2 6H2O), urea 

(NH2CONH2), thiourea (NH2CSNH2), ferric hydroxide (Fe(OH)3) (anhydrous) and 

methyl orange were purchased from Merck India and used without further 

purification. De-ionized water was used as a solvent. All the glassware’s were cleaned 

by concentrated acid. The dried glassware’s were used in all the experiments. 

6.2.2. Synthesis of ZnO, ZnO/ZnS, ZnO/ZnS/α-Fe2O3: 

 In a typical synthesis, 3.0 g CO(NH2)2 and 5.0 g Zn(NO3)2 6H2O were 

dissolved in 100 mL ultrapure water and stirred for 2h at 80 ºC on the digital magnetic 

stirrer. The as-prepared precipitate was cooled-down naturally and filtrated. The 

precipitate was dried at 80 ºC in the electric oven. ZnO nanoparticles (NPs) have been 

obtained after calcination of dried precipitate in a muffle furnace at 600 ºC for ½ h. 

The as-prepared ZnO NPs (0.02 mol) were mixed with 0.01 mol thiourea in 100 ml 

deionized water under constant magnetic stirring at 80 ºC for ½ h. The product was 
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filtered, washed several times with deionized water, dried at 80 ºC in the electric oven 

and heated in muffle furnace at 600 ºC for ½ h to obtain ZnO/ZnS nanocomposite. 

0.485 g ZnO/ZnS nanocomposite was added into 100 ml of 0.5 mmol/L (Fe(OH)3) 

solution with stirring at 80 ºC in magnetic stirrer for 30 min. The product was cooled 

at room temperature, filtered, washed with de-ionized water, dried at 80 ºC and heated 

in muffle furnace at 600 ºC for ½ h to obtain ZnO/ZnS/α-Fe2O3. 

6.2.3. Characterization: 

 The XRD patterns of as-prepared ZnO, ZnO/ZnS and ZnO/ZnS/α-Fe2O3 

nanocomposites were recorded on Pananalytical’s X’Pert Pro X-ray diffractometer 

equipment in the 2θ range 20 to 80º with step size of 0.025º. Scanning electron 

microscope (SEM) images of the products were observed on JEOL6490 LB 

equipment. Transmission electron microscope (TEM) images of the products were 

observed on JEOL JEM 200 CX. The scanning electron micrographs were obtained at 

an operating voltage of 3 kV. The particles size distribution of the materials has been 

observed on Zetasizer Nano Series ZS 90. Brunauer-Emmett-Teller (BET) analysis of 

all the materials was carried out on BELSORP MINI (II) equipment. 

Photoluminescence spectral studies of the materials have been carried out on 

spectrofluorometer (Perkin Elmer LS-55). UV-Visible spectra were recorded in 

absorption mode with a carry 100 spctrophotometer in the 200-800 nm regions. 
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6.2.4. Photocatalytic Activity: 

 The photocatalytic activity of as-prepared ZnO, ZnO/ZnS and ZnO/ZnS/α-

Fe2O3 materials was evaluated by photodegradation of methyl orange under visible 

light exposure in a photocatalytic chamber. The 200 mg amount of ZnO was first 

dispersed in 100 mL of 50 ppm MeO solution and stirred for 30 min in the dark 

condition in order to achieve the adsorption-desorption equilibrium. The solution was 

irradiated by using Xe lamp (500 W) with a 420 nm cutoff filter was used as a visible 

light source in a photocatalytic chamber. During irradiation, the solution was agitated 

using a magnetic stirrer and air was bubbled into the reaction medium to provide a 

constant supply of oxygen. After desired time interval, an aliquot of the solution was 

isolated, centrifuged and its absorbance was measured on UV-Visible 

spectrophotometer to calculate the percentage degradation. The same procedure also 

was repeated for ZnO/ZnS and ZnO/ZnS/α-Fe2O3 composites. The photocatalytic 

degradation efficiency was calculated using the following equation: 

   
(%)degradation 100 100

Co Ct Ao At

Co Ao

    
      
   

 

Where Co is the initial concentration, Ct concentration at time t, Ao represents 

the initial absorbance of the dye solution and At; the absorbance after irradiation at a 

particular time. 

6.3. Results and Discussion: 

The XRD was recorded to analyze the phase, crystal structure and purity of as-

synthesized ZnO, ZnO/ZnS, and ZnO/ZnS/α-Fe2O3 nanocomposites. All the 

diffraction peaks in the XRD pattern of as-synthesized material, obtained by reaction 

of zinc nitrate in presence of urea in an aqueous medium (Figure 6.1 a) are readily 

indexed to hexagonal wurtzite ZnO (JCPDS card 80-0075, a = 0.3253 nm, c = 0.5209 
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nm) with space group p63mc. From the XRD pattern it is evident that as-synthesized 

material, obtained by calcinations of precipitate at 600 ºC, is phase pure ZnO. 

Furthermore, it is obvious from the diffraction pattern that the XRD peaks are intense 

and broadened; indicating good crystalline and small size ZnO material is formed. 

Figure 6.1 b represents the nanocomposite formed after addition of NH2CSNH2 to 

ZnO in an aqueous medium. In the XRD pattern, apart from wurtzite ZnO, additional 

peaks appeared at 28.7, 48.1, and 56.2°, which are respectively (111), (220) and (311) 

planes of ZnS phase (JCPDS card no 05-0566), indicate that the above material is 

ZnO/ZnS composite. On addition of Fe(OH)3 to ZnO/ZnS, some additional peaks are 

also observed in the XRD pattern. In addition to ZnO/ZnS peaks, the other peaks 

appeared at 33.1, 35.4, 41.8 and 58.2º, correspond to (104), (110), (113) and (018) 

planes respectively are characteristics of α-Fe2O3 phase (Figure 6.1 c). The existence 

of three components implies that the ZnO/ZnS/α-Fe2O3 composite have successfully 

been prepared by the three-step chemical reaction. In the XRD pattern, the intensity of 

diffraction peaks for various constituents indicates the ratio of constituents. In the 

XRD pattern of ZnO/ZnS, using intensity of (111) peak of ZnS and (101) peak of 

ZnO, the composition of ZnS and ZnO were found to be 17.91 and 82.09 % 

respectively. Similarly in the XRD pattern of ZnO/ZnS/α-Fe2O3, using intensity of 

(111) peak of ZnS, (101) peak of ZnO and (104) peak of α-Fe2O3 the composition of 

ZnS, ZnO and α-Fe2O3 were found to be 7.55, 51.52 and 40.93 % respectively. The 

average crystallite size (D) has been determined from the Debye-Scherrer formula 

[38]: 

0.9

cos
D



 
  

Where D is the crystallites size (in nm), λ the wavelength (in nm), β is the full width 

at half maxima (FWHM) and θ is the Bragg’s diffraction angle. The average 
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crystallites size of ZnO, ZnO/ZnS and ZnO/ZnS/α-Fe2O3 particles was estimated to be 

120, 84 and 110 nm respectively. 

 

Figure 6.1: XRD patterns of (a) ZnO, (b) ZnO/ZnS and (c) ZnO/ZnS/α-Fe2O3 

composites prepared at 600 °C 

The Brunauer-Emmett-Teller (BET) analysis was applied to calculate the 

surface area of ZnO, ZnO/ZnS, and ZnO/ZnS/α-Fe2O3 nanocomposites. The surface 

area (ap) of ZnO, ZnO/ZnS, and ZnO/ZnS/α-Fe2O3 nanocomposites has been found to 

be 14.37, 15.96 and 17.0 m2g-1 respectively. The pore volume (Vp) of ZnO, ZnO/ZnS, 

and ZnO/ZnS/α-Fe2O3 nanocomposites has been found to be 8.06, 8.84 and 9.03 
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cm3g-1 respectively. From above data, it is obvious that as the surface area increases 

corresponding pore volume also increases. 

Figure 6.2 shows the nitrogen adsorption-desorption isotherm plots for ZnO, 

ZnO/ZnS, and ZnO/ZnS/α-Fe2O3 composites which are typical type IV curves along 

with H4 hysteresis curve according to the IUPAC classification and shows the 

presence of mesoporous phases [39]. 

 

Figure 6.2: N2 adsorption-desorption isotherms of (a) ZnO, (b) ZnO/ZnS and (c) 

ZnO/ZnS/α-Fe2O3 nanocomposites. 
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Structural, morphological and compositional investigations of as-synthesized 

products were carried out by SEM and EDX analysis. Figure 6.3 a shows the SEM 

image of ZnO, formed by heating the precipitate, obtained by reaction of Zn(NO3)2 

6H2O in presence of urea in an aqueous medium. In the SEM image, 25±5 nm thick 

and 100± 60 nm diameter sheets like structures are observed. Though there is 

variation in dimension (diameter) but the thickness of sheets is almost uniform. 

Corresponding EDX pattern (Figure 6.3 d) shows the elemental percentage of Zn and 

O is 59.0 and 35.6 respectively which indicate that Zn:O ratio in the product is almost 

1:1, suggesting that the material is composed of Zn and O elements in 1:1 ratio. 

 The SEM image of ZnO/ZnS composites is shown in Figure 6.3 b. As obvious 

from the SEM image, the morphology of ZnO/ZnS composite is similar to that of 

ZnO, however, there is a wide variation in the dimension of sheets (in the range of 50-

300 nm). Corresponding EDX spectrum also shows the percentage of elements of Zn, 

S, and O are 49.0, 14.6, and 32.5 respectively which (Figure 6.3 e) indicates that the 

nanocomposites are composed of ZnO and ZnS nanomaterials. 

In the SEM image (Figure 6.3 c) needle like acicular morphology of the 

ZnO/ZnS/α-Fe2O3 nanocomposites with the thickness about 40-60 nm and length 

150±50 nm have been formed. In the corresponding EDX spectrum, the presence of 

Fe along with Zn supports and the elemental percentage of Zn, O, S, and Fe are 42.0, 

29.2, 13.6, and 9.5 respectively that exhibit the formation of ZnO/ZnS/α-Fe2O3 

nanocomposite. From the SEM image, it is obvious that although the presence of ZnS 

has no effect on the morphology of ZnO, however, the presence of α-Fe2O3 

completely changed the morphology, from nano-sheet to acicular nanostructure. 
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Figure 6.3: The SEM images of (a) ZnO NPs, (b) ZnO/ZnS and (c) ZnO/ZnS/α-Fe2O3 

nanocomposites. EDX spectra of (d) ZnO, (e) ZnO/ZnS and (f) ZnO/ZnS/α-Fe2O3 

nanocomposites. 

 

The particle size distribution of ZnO, ZnO/ZnS, and ZnO/ZnS/α-Fe2O3 

materials has been studied on Zetasizer and the results are shown in Figure 6.4. For 

particles size distribution study, the materials were mixed in DMSO and sonicated. 
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From particle size distribution curves, it is obvious that size distribution of ZnO is 

fair; however for ZnO/ZnS and ZnO/ZnS/α-Fe2O3 material the size distribution is 

wide. These results are in agreement with SEM analysis discussed as above. 

 

Figure 6.4: Particles size distribution of ZnO, ZnO/ZnS and ZnO/ZnS/α-Fe2O3 

materials. 
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The optical properties of the synthesized materials was examined by using 

UV-visible absorption spectroscopy which is significant for illustrating the optical 

absorption property as well as band gap energy of the semiconducting materials. 

Figure 6.5 (a) shows the absorption spectra of ZnO, ZnO/ZnS, and ZnO/ZnS/α-Fe2O3 

composite materials. In the absorption spectra of ZnO nanosheet, the absorbance peak 

appeared at 397 nm which corresponds to the ground excitonic peak of ZnO NPs [40]. 

The absorption maxima is red shifted by 5 nm in ZnO/ZnS and further 8 nm in 

ZnO/ZnS/α-Fe2O3 composite. The red shifting in the materials is due to the quantum 

confinement effect and the packing of material of ZnO/ZnS/α-Fe2O3 on surface of 

zinc oxides [41]. The direct band gap energy was calculated from the Tauc relation: 

2( h ) (E h )gP                                                                                       (6.1) 

Where ε is the molar extinction coefficient, h is plank constant, ν is the frequency of 

light, Eg is the bad gap energy and P is the arbitrary constant. The linear part of the 

(εhν)2 verses hν graph (Figure 6.5 b ) was used to calculate the band gap values. The 

intercept of the tangent at the x-axis gives the band gap values, which are found to be 

3.10, 2.85, and 2.65 eV for ZnO, ZnO/ZnS, and ZnO/ZnS/α-Fe2O3 materials 

respectively. 

 

Figure 6.5: (a) UV-visible spectra and (b) Band gap energy ZnO NPs, ZnO/ZnS and 

ZnO/ZnS/α-Fe2O3 nanocomposites. 
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Room temperature PL spectra of ZnO, ZnO/ZnS, and ZnO/ZnS/α-Fe2O3 NPs, 

recorded at excitation wavelength 325 nm, are shown in Figure 6.6. In the PL 

spectrum of ZnO, the peak at 393 nm is recorded in the ultraviolet region that 

corresponds to near-band-edge emission, due to radiative recombination of electrons 

in the conduction band and holes in the valance band. This band is red-shifted at 396 

nm in the case of ZnO/ZnS and further at 405 nm in the case of ZnO/ZnS/α-Fe2O3 

NPs in ultraviolet region. Meanwhile, the intensity of UV peak decreased 

successively from ZnO to ZnO/ZnS, and further from ZnO/ZnS to ZnO/ZnS/α-Fe2O3, 

in ultraviolet region indicating that the rate of recombination of electron-holes slowed 

down in ZnO/ZnS compared to ZnO and further in ZnO/ZnS/α-Fe2O3 compared to 

ZnO/ZnS. It has been reported previously that incorporation of metal or non-metal 

ions (like carbon, iron etc) in the ZnO host significantly decrease the UV emission 

intensity [16, 42].  

Various secondary visible emission peaks like blue, green, yellow, orange and 

red have been reported in the pure ZnO NPs. Though extensive efforts have been 

performed on visible emission of ZnO, however their origin is highly controversial 

and still a matter of debate. In PL spectra of ZnO the secondary peaks in the visible 

region are observed at 425 nm (2.92 eV) and 449 nm (2.76 eV) which correspond to 

blue emission, the peaks at 528 nm (2.35 eV) correspond to green emission while the 

peak at 570 nm (2.18 eV) correspond to yellow emission. A large number of reports 

revealed that the visible emissions are related to several intrinsic defects in ZnO 

materials. These defects include zinc vacancies (VZn), oxygen vacancies (Vo), 

interstitial zinc (Zni), interstitial oxygen (Oi) and antisite oxygen due to substitution of 

oxygen at zinc position (OZn) [43]. The energy levels of the intrinsic defects in ZnO 

have been computed theoretically and summarized in various reports [44-45]. 
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Figure 6.6: PL spectra of ZnO, ZnO/ZnS and ZnO/ZnS/α-Fe2O3 nanocomposites. 

The blue emission at 425 nm (2.92 eV) originated either due to transition from 

interstitial zinc (Zni) level to the valance band or transition from the bottom of the 

conduction band to interstitial oxygen (Oi) level [45]. Taking consideration of 

similarity between photoluminescence behavior of ZnS and ZnO, Mahamuni et al. 

stated that the emission at 420 nm is due to transition from conduction band to Oi 

levels of ZnO [46]. Thus, the emission peak observed at 422 nm in our study is 

attributed to transition of electrons from the bottom of conduction band to the Oi 

levels, whereas emission peak at 442 nm can be ascribed to the energy of transition of 

electron from Zni to VB. The other blue emission at 449 nm (2.76 eV) can be assigned 

to the energy of transition of electron from Zni to VZn, based on report of Xu et al. 

[45]. Previous works revealed that the green emission of ZnO is originated from 

several defects such as singly ionized oxygen vacancy VO
•, VO

••, Zni, VZn and OZn [32, 

47]. Vanheusden et al. reported that the green emission in ZnO is originated due to the 

recombination of electrons in singly ionized oxygen vacancy with photo-excited holes 

in the valence band [48]. Zheng et al. demonstrated that green emission at 527 nm is 

attributed to the oxygen vacancy (VO
••) and interstitial oxygen [32]. In this work, the 
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position of green emission peak (at 527 nm) and intensity matched with this report, 

indicating that it is originated due to surface oxygen vacancy (VO••) and interstitial 

oxygen (Oi). The yellow/orange emission, observed at 570 nm in ZnO, is due to 

excess of interstitial oxygen (Oi) [32, 49]. 

The intensity of UV peak of ZnO lowered in ZnO/ZnS and further in 

ZnO/ZnS/α-Fe2O3 conjuagate system while the intensity of green and yellow 

emissions have shown the reverse order. The peak positions of visible emissions 

shifted slightly in ZnO/ZnS and ZnO/ZnS/α-Fe2O3 as compared to ZnO. This 

indicates that the rate of recombination of electron-holes is restrained while the level 

of surface oxygen vacancy (VO
••) and interstitial oxygen (Oi) increased due to addition 

of ZnS to ZnO and further by addition of ZnS/α-Fe2O3 to ZnO. 

 Contaminants photodegradation capability of the above synthesized ZnO, 

ZnO/ZnS, and ZnO/ZnS/α-Fe2O3 photocatalysts was evaluated by recording 

photodegradation behavior of dye methyl orange (MeO). In the present study, 

continuous air bubbling was done to ensure the presence of O2, which was used as 

oxidizing agent. Figure 6.7 a, b and c shows the variation in the UV-visible 

absorbance spectra of MeO solution (50 mg/L) with different irradiation time in 

presence of ZnO, ZnO/ZnS, ZnO/ZnS/α-Fe2O3 photocatalysts. 
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Figure 6.7: (a) Absorption spectra of MeO solution (100 mL 50 mg/L) in presence of 

(a) 0.2 g ZnO, (b) 0.2 g ZnO/ZnS and (c) 0.2 g ZnO/ZnS/α-Fe2O3 (d) after the 

recycled ZnO/ZnS/α-Fe2O3 composite materials. 

 

Figure 6.8 shows the extent of degradation of samples ZnO, ZnO/ZnS and 

ZnO/ZnS/α-Fe2O3 under visible light irradiation for 35 min time. It is evident from 

the spectra that photodegradation capacity of ZnO/ZnS/α-Fe2O3 is the highest and 

ZnO is the lowest while in the case of ZnO/ZnS, it lies in between ZnO and 

ZnO/ZnS/α-Fe2O3 for degradation of MeO. Approximately 76 % degradation of dye 

MeO has been found using ZnO as photocatalyst while 85 % degradation of dye has 

been observed using ZnO/ZnS nanocomposites. Almost complete degradation of 

adsorbed dye molecules (~ 97.55 %) took place within 35 min using ZnO/ZnS/α-

Fe2O3 nanocomposite. 17.9 % addition of ZnS to ZnO is increases the degradation of 

MeO from 76 % to 85 % while addition of 40.93 % α-Fe2O3 to ZnO/ZnS increases 
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degradation from 85 % to 97.55 %. This data indicate that addition of ZnS to ZnO 

play better role in comparison of addition of α-Fe2O3 to ZnO/ZnS for degradation of 

dye MeO. However the addition of α-Fe2O3 to the ZnO/ZnS has importance in 

another way that is the photocatalyst ZnO/ZnS/α-Fe2O3 can be easily recycled by 

magnetic adsorption. Hence the ZnO/ZnS/α-Fe2O3 is suitable an efficient 

photocatalyst for degradation of MeO. In order to estimate the reusability of the 

tertiary ZnO/ZnS/α-Fe2O3 composite, these materials is recycled and washed several 

time with distilled water and dried at 100 ºC. Then it was reused and the degradation 

efficiency was measured to be 75 % (Figure 6.7 d). It is shown that the 

phoptocatalytic efficiency of semiconductor photocatalysts depends on various 

properties like band gap, phase/crystal structure, particle size, shape, surface area, 

surface defects and the presence of bound molecules on the surface [41-50].  

 

Figure 6.8: Extent of degradation of MeO in presence of ZnO, ZnO/ZnS 

andZnO/ZnS/α-Fe2O3 catalyst. 

 

The photocatalytic activity of ZnO, ZnO/ZnS, and ZnO/ZnS/α-Fe2O3 has a 

direct correlation with surface area. The higher the surface area the catalyst possesses, 

the more and more reactants (like O2, OH־ and MeO molecules) that should be 
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adsorbed on its surface, thus leading to higher photocatalytic activity. The 

photocatalytic activity for ZnO/ZnS/α-Fe2O3 is the highest because its surface area is 

the highest (17.0 m2g-1), for ZnO, it is the lowest because the surface area of the same 

is the lowest (14.37 m2g-1) while in case of ZnO/ZnS, it lies in between two samples, 

because the surface area of ZnO/ZnS (15.96 m2g-1) lies in between ZnO/ZnS/α-Fe2O3 

and ZnO. The above data confirm that the photocatalytic activity of the materials has 

a direct correlation with the surface area of the photocatalysts [51], along with the 

crystallinity of the materials. The band gap energy of ZnO is too high to be excited by 

visible light as such however photocatalytic efficiency of ZnO is supposed to be dye-

sensitized [42]. The band gap of ZnO can be manipulated to such an extent where 

visible light induced photocatalysis could take place effectively. Such modification 

can be achieved by doping or by the addition of other semiconductors to ZnO to make 

heterostructures like ZnO/ZnS and ZnO/ZnS/α-Fe2O3. Figure 6.5 b shows that band 

gap of pure ZnO (3.1 eV) is lowered to 2.85 eV in ZnO/ZnS and further to 2.65 eV in 

ZnO/ZnS/α-Fe2O3. The improvement of photocatalytic activity of ZnO/ZnS and 

ZnO/ZnS/α-Fe2O3 NPs could be achieved due to decrease of band gap values, since 

these are now effective in visible light. 

 The fact that the synthesized photocatalysts adsorb significantly more dye 

during the reaction, suggests a possible adsorption-desorption mechanism. Visible 

light irradiation generates an electron-hole pair on the surface of above prepared ZnO, 

ZnO/ZnS, and ZnO/ZnS/α-Fe2O3 catalysts. The electron-hole pair enables the 

formation of some intermediate radicals such as hydroxyl radicals, hydroperoxyl 

radicals and superoxide radical anions in the catalytic solution by their interaction 

with water and oxygen from the supplied air [17]. Continuous air bubbling facilitates 

the formation of these radicals; mainly the hydroxyl radicals, which participates 
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directly in the oxidative photodegradation of dye molecules. As the degradation 

involves adsorption followed reaction, the adsorbed dye molecules can easily interact 

with the photo-generated oxidizing radical species, resulting in the degradation of 

dye. The high photocatalytic activity of ZnO/ZnS and ZnO/ZnS/α-Fe2O3 may be due 

to the diminishing of the recombination of electron-hole pairs in these materials and 

hence encouraging their catalytic activity. In PL spectra (Figure 6.6), the intensity of 

UV peak of ZnO/ZnS is significantly lowered than ZnO while in ZnO/ZnS/α-Fe2O3, 

the intensity is further decreased. The lowering of intensity of UV emission peak is 

attributed to decrease of recombination of electrons and holes, which in turn indicates 

the increase of rate of photocatalytic reaction. Thus photocatalytic efficiency of 

ZnO/ZnS/α-Fe2O3 is the highest and ZnO is the lowest while in the case of ZnO/ZnS, 

it lies in between ZnO and ZnO/ZnS/α-Fe2O3 for degradation of MeO. Moreover, the 

visible emissions revealed the existence surface oxygen defects, which act as electron 

acceptor. For instance, the oxygen vacancies (Vo
••) work as electrons acceptor and can 

temporarily trap photogenerated electrons in the conduction band while interstitial 

oxygen defects (Oi) trap the holes in valance band resulting in retardation of electron-

holes recombination. Higher the level of Vo
•• and Oi defects, higher trapping of 

electrons and holes takes place on the surface of catalyst. Further, higher the BET 

surface area, more will be Vo
•• and Oi defects, resulting higher the photocatalytic 

activity. Since the surface area follows the trend ZnO/ZnS/α-Fe2O3 > ZnO/ZnS > 

ZnO, the amount of Vo
•• and Oi defects follows the same trend [42]. In the PL spectra 

the intensity of green as well as yellow emissions increased successively from ZnO to 

ZnO/ZnS and further from ZnO/ZnS to ZnO/ZnS/α-Fe2O3, indicating the amount of 

Vo
•• and Oi defects increased successively from ZnO to ZnO/ZnS and further from 

ZnO/ZnS to ZnO/ZnS/α-Fe2O3. In fact a large amount of Vo
•• and Oi defects present in 
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ZnO/ZnS and ZnO/ZnS/α-Fe2O3 function as trappers for electrons in the conduction 

band and holes in the valance band, thus slowing the rate of recombination of 

electrons and holes and increasing rate of photocatalysis in presence of ZnO/ZnS to 

ZnO/ZnS/α-Fe2O3 nanocomposites.  

 The photocatalytic degradation of Methyl Orange under visible light 

irradiation using ZnO, ZnO/ZnS, and ZnO/ZnS/α-Fe2O3 materials is an example of 

heterogeneous catalysis and these reactions seldom follow proper rate law model and 

hence it is inherently difficult to formulate rate equation from the observed data. 

However, it has been widely accepted that these reactions can be studied using 

Langmuir Hinshelwood (LH) Model [52].  

Applying the Langmuir Hinshelwood model for determining the oxidation rate 

of the photocatalysis of dye: 

(r)
1

dC k KC
Rate KC

dt


                                                                                  (6.2) 

Where k* is the rate constant (mg/L min-1), C is the concentration of dye, K is the 

adsorption constant of the dye (L/mg), and t is the illumination time (min). Integrating 

equation (6.2) the rate law can be rearranged as: 

ln( ) ktC
Co

                                                                                                          (6.3) 

Here Co is the initial concentration of dye solution, C the concentration after time t 

and k is the rate constant. A graph has been plotted between ln C/Co versus t (Figure 

6.9) where rate constant k can be determined by the slope of fitting curve. From the 

above graph, the rate constant values for ZnO, ZnO/ZnS, and ZnO/ZnS/α-Fe2O3 

catalysts have been determined as 0.057, 0.076 and 0.082 min-1 respectively. The 

results indicate that ZnO/ZnS/α-Fe2O3 is an excellent photocatalyst and photocatalytic 
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activity of these materials follows the following trend; ZnO/ZnS/α-Fe2O3 > ZnO/ZnS 

> ZnO for degradation of dye MeO. 

 

Figure 6.9: Pseudo first order kinetics for degradation MeO in presence ZnO, 

ZnO/ZnS and ZnO/ZnS/α-Fe2O3 catalysts. 

 

6.4. Conclusion: 

 In summary, ZnO nanoparticles, ZnO/ZnS and ZnO/ZnS/α-Fe2O3 composites 

have been successively synthesized by homogeneous precipitation method. The 

gradual three-step methodology may provide a promising technique for the synthesis 

of hybrid nanocomposites. XRD and SEM studies revealed a hexagonal wurtzite, 

sheet-like and needle-like acicular structure of ZnO, ZnO/ZnS, ZnO/ZnS/α-Fe2O3 

nanocomposites with respectively crystallites size of 120, 84 and 110 nm at 

calcination temperatures of 600 °C. The photocatalytic activity results revealed that 

the ZnO, ZnO/ZnS, ZnO/ZnS/α-Fe2O3 nanocomposites formed by calcination at 600 

°C are effective photocatalysts, however, ZnO/ZnS/α-Fe2O3 has the highest and ZnO 

the lowest photocatalytic activity for degradation of methyl orange. The UV-visible 

absorption show that band gap of ZnO (3.1 eV) is decreased to 2.85 eV for ZnO/ZnS 

and further to 2.65 eV for ZnO/ZnS/α-Fe2O3 nanocomposites, therefore photocatalytic 



Chapter 6 

197 

activity of ZnO/ZnS is higher than ZnO while the same for ZnO/ZnS/α-Fe2O3 is the 

highest among three samples for degradation of MeO under visible light irradiation. 

PL spectral analysis indicated the successive decrease of rate of recombination of 

electron-holes from ZnO to ZnO/ZnS, and further from ZnO/ZnS to ZnO/ZnS/α-

Fe2O3. Thus high surface area, lowering of band gap and effective retardation of 

electron-hole recombination follow the trend ZnO/ZnS/α-Fe2O3>ZnO/ZnS>ZnO for 

degradation of MeO under visible light. 
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Chapter 7 

Conclusion of Research Work and Scope of Future Research 

The present study of preparation, properties and applications of chemically 

synthesized inorganic metal semiconductor nanostructures and composite materials 

such as zinc oxide, zinc sulfide, copper oxide and its nanocomposites for their optical 

and photocatalytic applications as degradation of organic pollutants are summarized 

in the current chapter. This chapter is also motivated to the younger researcher in the 

area of waste water treatment for the lot of wastes containing ground water by using 

latest composites. 

Chapter 

No. 

Nanocomposites Crystalline 

Size (nm) 

Surface 

Area 

(m2g-1) 

Pore 

size 

(nm) 

Pollutants 

(dye 

stuff) 

Max. 

Efficiency 

(%)  

Max. 

time 

(Min.) 

Chapter 

1 

Introduction - - - - - - 

Chapter 

2 

Characterization 

technique 

- - - - - - 

Chapter 

3 

ZnO 

ZnO-ZnS 

26 

25 

- 

- 

- 

- 

MB 55 

93 

90 

90 

Chapter 

4 

ZnO,  

ZnO/CuO 

46.9 

10.3 

4.71 

84.53 

12.64 

1.64 

CR 25 

91 

50 

50 

Chapter 

5 

ZnO/γ-Fe2O3 94 50.54 - MB and 

Rh- B 

30 

50 

120 

Chapter 

6 

ZnO,  

ZnO/ZnS, 

ZnO/ZnS/α-

Fe2O3 

120 

84 

110 

14.37 

15.96 

17.0 

- 

- 

- 

Methyl  

orange 

76 

85 

97.55 

35 

 

Table 8.1: A chapter wise sketch of the Thesis 
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8.1. Scope and Further Research: 

 In the present work, only the inorganic metal oxide and its composites have 

been optimized, however, the shape and size distribution of the materials may 

also modify to alter the response characteristics. Hence, an effort may be made 

to use different type of growth of material to optimize the shape and size 

distribution of metal oxide semiconductor nanostructures. 

 To expand the photocatalytic activity of metal semiconductor and its 

composite nanostructures through surface modification by using various types 

of organic polymers such as polyaniline, graphene oxide and reduced 

graphene oxide. 

 To explore the role nanostructure shape and size on photocatalytic degradation 

of organic dye. 
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